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Abstract
The rapid progress of electronics and computer science in the last years has brought
humans and machines closer than ever before. Current trends like the Internet
of Things and artificial intelligence are closing the gap even further, by providing
ubiquitous data processing and sensing. As this ongoing revolution advances, novel
forms of human-machine interactions are required in an ever more connected world.
A crucial component to enable these interactions is the field of flexible electronics,
which aims to establish a seamless link between living and artificial entities using
electronic skins (e-skins). E-skins combine the functionality of commercial elec-
tronics with the soft, stretchable and biocompatible characteristics of human skin
or tissue. Until lately, the focus had been to replicate the standard functions as-
sociated with human skin, such as, temperature, pressure and chemical detection.
Yet, recent developments have also introduced non-standard sensing capabilities like
magnetic field detection to create the field of magnetosensitive e-skins. The addition
of a supplementary information channel—an electronic sixth sense—has sparked a
wide range of applications in the fields of cognitive psychology and human-machine
interactions.
In this thesis, we expand the concept of magnetosensitive e-skins to include the
notion of directionality, which utilizes the full interaction potential of the mag-
netic field vector. Also, we introduce the use of flexible magnetoelectronics in vir-
tual/augmented reality and human-computer interfaces. Three main results are
attained in the course of this work: (i) we first demonstrate how magnetosensi-
tive e-skins can be used as human-machine interfaces driven by permanent magnet
sources in the range of 5 mT. (ii) Building upon this milestone, we realize the first
magnetosensitive e-skins which are driven by the earth’s magnetic field of 50 µT.
(iii) We fabricate magnetosensitive e-skins which push the detection limit below 1
µT. The magnetosensitive e-skins in this work open exciting possibilities for sensory
substitution experiments and sensory processing disorder therapies. Futhermore, for
human-machine interactions, they provide a new interactive platform for touchless
and gestural control in virtual and augmented reality scenarios beyond the limita-
tions of optics-based systems.
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Zusammenfassung
Der rasante Fortschritt der Elektronik und der Informatik in den letzten Jahren hat
Mensch und Maschine nähergebracht als je zuvor. Aktuelle Trends wie das Internet
der Dinge und künstliche Intelligenz schließen die Lücke noch weiter, indem sie eine
allgegenwärtige Datenverarbeitung und -erfassung ermöglichen. Mit fortschreiten-
der Revolution sind neue Formen der Mensch-Maschine-Interaktion in einer immer
vernetzter werdenden Welt erforderlich. Eine entscheidende Komponente, um diese
Interaktionen zu ermöglichen, ist das Gebiet der flexiblen Elektronik, das darauf
abzielt, mithilfe elektronischer Häute (e-skins) eine nahtlose Verbindung zwischen
lebenden und künstlichen Entitäten herzustellen. E-skins verbinden die Funktion-
alität kommerzieller Elektronik mit den weichen, dehnbaren und biokompatiblen
Eigenschaften menschlicher Haut oder menschlichen Gewebes. Bis vor kurzem lag
der Schwerpunkt auf der Nachbildung der mit der menschlichen Haut verbundenen
Standardfunktionen wie Temperatur-, Druck- und Chemikalienerkennung. Jüngste
Entwicklungen haben jedoch auch nicht standardmäßige Erfassungsfähigkeiten wie
die Magnetfelderkennung eingeführt, um das Feld magnetoempfindlicher e-skins zu
erzeugen. Die Hinzufügung eines zusätzlichen Informationskanals - eines elektron-
ischen sechsten Sinns - hat eine breite Palette von Anwendungen auf den Gebieten
der kognitiven Psychologie und der Mensch-Maschine-Interaktionen ausgelöst.
In dieser Arbeit erweitern wir das Konzept der magnetoempfindlichen e-skins um
den Begriff der Richtwirkung, bei dem das volle Wechselwirkungspotential des Mag-
netfeldvektors genutzt wird. Außerdem führen wir die Verwendung flexibler Mag-
netoelektronik in der virtuellen Realität / erweiterten Realität und in Mensch-
Computer-Schnittstellen ein. Im Verlauf dieser Arbeit werden drei Hauptergeb-
nisse erzielt: (i) Wir demonstrieren erstmals, wie magnetoempfindliche e-skins als
Mensch-Maschine-Schnittstellen verwendet werden können, die von Permanentmag-
netquellen im Bereich von 5 mT angetrieben werden. (ii) Aufbauend auf diesem
Meilenstein realisieren wir die ersten magnetoempfindlichen e-skins, die vom Erd-
magnetfeld von 50 µT angetrieben werden. (iii) Wir fertigen magnetoempfindliche
e-skins, bei denen die Nachweisgrenze unter 1 µT liegt. Die magnetoempfindlichen
e-skins in dieser Arbeit eröffnen aufregende Möglichkeiten für sensorische Substitu-
tionsexperimente und Therapien bei sensorischen Verarbeitungsstörungen. Darüber
hinaus bieten sie für die Mensch-Maschine-Interaktion eine neue interaktive Plat-
tform für die berührungslose und gestische Steuerung in virtuellen und Augmented
Reality-Szenarien, die über die Grenzen optikbasierter Systeme hinausgehen.
4
Confirmation
I confirm that I independently prepared the thesis and that I used only the references
and auxiliary means indicated.
5
Acknowledgments
As I summarize these last years of research, it is inevitable to appreciate the contri-
butions of so many who have helped me walk this road. First, I would like to thank
Prof. Dr. Jürgen Fassbender and Prof. Dr. Gianaurelio Cuniberti who granted me
a fantastic place to do my research and continuously supported all projects I took
part in. Also, I wish to express my gratitude to Dr. Denys Makarov for showing
me the importance of effectively communicating scientific results to the public. His
drive to find new collaboration partners and promote the work of our group, never
ceases to amaze me. Furthermore, his continuous support with all administrative
matters has given me the freedom to seamlessly conduct my research. I would like
also to thank Prof. Dr. Martin Kaltenbrunner for his helpful advice during the
conception of the papers which constitute this work and his continuous support in
many international conferences. Along the same lines, I’m deeply grateful to Dr.
Jürgen Lindner who was very understanding and helpful every time we met.
At my former institute, the IFW Dresden, I’d like to thank Prof. Dr. Oliver
G. Schmidt for the support during the first stages of this work. Also I’d like to
acknowledge all the insightful dialogues, feedback and lessons learnt from Dr. Daniil
Karnaushenko, Dr. Dmitriy Karanushenko, Dr. Michael Melzer and all the other
members of the former MAGNA group.
I am very grateful to Dr. Tobias Kosub and Dr. Martin Kopte, who always kept me
sane in moments of difficulty, through meaningful conversations and hilarious im-
personations. Besides this, they also broadened my knowledge by giving me insights
into the working principles of many setups and magnetic effects. Thanks also to Dr.
Jin Ge for teaching me a lot about chemical processes in the last two years and for all
the fruitful conversations we shared. Thanks a bunch to Tetiana Voitsekhivska who
helped me immensely to complete circuits and lithography processes, and promptly
supported me whenever a deadline was approaching. Huge thanks to Hagen Fuchs
for all the programming magic, wonderful conversations and book recommendations.
Thanks a lot to Xu Wang, Dr. Oleksii Volkov, Dr. Rico Illing and the rest of the
group for all the help in the lab, lunch break exchanges and memorable bus rides.
Many thanks also to Pablo Granell and Gouliang Wang for all their experimental
input to assemble and debug many measurement setups, which were essential for
the last part of this thesis. I would like also to acknowledge the constant support of
Dr. Lothar Bischoff, Bernd Scheumann, Tommy Schönnherr, Claudia Neisser and
all the other members of the characterization and fabrication facilities at HZDR.
Many thanks to Dr. Kai Wagner, Dr. Ana Semisalova, Alexandra “Sasha” Titova,
Xiaomo Xu and all the members of magnetobiernonics for welcoming me in HZDR.
It has been quite a ride. Special thanks also to Dr. Leonardo “Carlito” Medrano, Dr.
Anniruddha Mitra, Dr. Alejandro “Tiger” Santana, Andrés Ramos, Dr. Marisinha
6
CHAPTER 0
and all the members of What is love, you guys made this road much more fun. My
deepest appreciation to Dr. Eduardo "Lalo" Rojo and Marta Urbanska; with whom
I respectively lost a legendary backpack and shared many evenings on a tennis court.
Sincere thanks to Camilo “Chapita” Téllez, Cindy Montenegro and Daniel Moreno
for their jokes, unconditional warmth and philosophical discussions, as part of the
Colombian legion in Germany.
Not least of all, I want to thank my beloved family and girlfriend who have been an
unconditional source of love, patience and understanding throughout the course of
this work. My parents have made me everything I am today; allowing me to grow
as an independent person but also teaching me valuable lessons about kindness,
resilience and honesty. My sister has been the light of my life, my companion and
friend through all the good and bad moments I have been through. Every time I
see her I remember that it is worth fighting for what we love. Georgi, words are
not enough to describe how much you have helped me to reach new heights in every
aspect of my life. You have been with me through thick and thin, shown me how to
be more loving, and led me to many insights which have made me a better person.
7
Contents
1 Introduction 13
1.1 Motivation and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.2 Accomplishments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2 Background 17
2.1 Flexible electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.1 A brief history . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.2 Electronic skins (e-skins) . . . . . . . . . . . . . . . . . . . . . 19
2.1.3 Enhanced mechanical properties . . . . . . . . . . . . . . . . . 21
2.2 Thin film magnetic field sensors . . . . . . . . . . . . . . . . . . . . . 22
2.2.1 Magnetoresistive sensors . . . . . . . . . . . . . . . . . . . . . 22
2.2.2 AMR sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2.3 Giant magnetoresisitive (GMR) sensors . . . . . . . . . . . . . 26
2.2.4 Spin-valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3 Interactive devices and human-computer interfaces (HCI) . . . . . . . 31
2.3.1 Early stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3.2 Beyond standard interactions . . . . . . . . . . . . . . . . . . 32
2.3.3 Interactive devices based on magnetic fields . . . . . . . . . . 33
3 Fabrication and characterization techniques 37
3.1 Device design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Photolithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.1 General process . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.2 Considerations for ultra-thin substrates . . . . . . . . . . . . . 40
3.3 Thin film deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.1 Magnetron sputter deposition . . . . . . . . . . . . . . . . . . 43
3.3.2 E-beam evaporation . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Characterization of device properties . . . . . . . . . . . . . . . . . . 44
3.4.1 Magnetoresistive characterization . . . . . . . . . . . . . . . . 44
3.4.2 Mechanical characterization . . . . . . . . . . . . . . . . . . . 46
3.4.3 Morphological characterization . . . . . . . . . . . . . . . . . . 47
4 Magnetosensitive e-skins with directional perception 49
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Fabrication process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3 Mechanical characterization and peformance . . . . . . . . . . . . . . 53
4.4 Magnetoresistive performance . . . . . . . . . . . . . . . . . . . . . . 57
4.5 Application examples . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
8
CHAPTER 0
4.5.1 Virtual keypad . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.5.2 Interactive light dimming by touchless manipulation . . . . . . 60
4.6 Reliability tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.6.1 Encapsulation performance . . . . . . . . . . . . . . . . . . . . 61
4.6.2 Angular resolution . . . . . . . . . . . . . . . . . . . . . . . . 61
4.6.3 Temperature stability . . . . . . . . . . . . . . . . . . . . . . . 63
5 Geomagnetosensitive e-skins 67
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Barber-pole-based geomagnetosensitive e-skins . . . . . . . . . . . . . 68
5.2.1 Fabrication and mechanical performance . . . . . . . . . . . . 68
5.3 Conditioning and magnetoresistive characterization . . . . . . . . . . 72
5.4 Geomagnetic field measurements . . . . . . . . . . . . . . . . . . . . . 76
5.5 Application examples . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.5.1 E-skin geomagnetic orientation in the outdoors . . . . . . . . 78
5.5.2 Geomagnetic virtual reality control . . . . . . . . . . . . . . . 80
6 Sub-µT magnetosensitive e-skins 82
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.2 Fabrication process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3 Magnetoresistive characterization . . . . . . . . . . . . . . . . . . . . 83
6.4 Compliant PHE sensors for detecting magnetic stray fields . . . . . . 84
7 Summary and outlook 86
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
9
List of Figures
2.1 The early years of flexible electronics. . . . . . . . . . . . . . . . . . . 18
2.2 E-skins: from science fiction to reality. . . . . . . . . . . . . . . . . . 20
2.3 Scattering cross-section change in an AMR film. . . . . . . . . . . . . 23
2.4 Relationship between the magnetization and current vectors in an
AMR film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.5 Barber pole modification and Wheatstone bridge arrangement. . . . . 24
2.6 Planar Hall effect measurement scheme and magnetoresistive response. 26
2.7 GMR effect and exchange coupling in multilayered systems. . . . . . 27
2.8 RKKY coupling and Mott model. . . . . . . . . . . . . . . . . . . . . 28
2.9 Spin-valve working principles. . . . . . . . . . . . . . . . . . . . . . . 29
2.10 Spin-valve-based Wheatstone bridge. . . . . . . . . . . . . . . . . . . 31
2.11 The early years of interactive devices and VR. . . . . . . . . . . . . . 32
2.12 The new era of VR devices and haptics. . . . . . . . . . . . . . . . . 34
2.13 Interactive devices based on magnetic fields. . . . . . . . . . . . . . . 36
3.1 From conceptual design to device fabrication. . . . . . . . . . . . . . 38
3.2 Photolithographic process. . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Laser writing process. . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 Processing of ultrathin polymer films by adhesion layers. . . . . . . . 41
3.5 Sacrificial layer processing of ultrathin polymer films. . . . . . . . . . 41
3.6 Expansion correction of photolithographic masks. . . . . . . . . . . . 42
3.7 Thin film deposition methods. . . . . . . . . . . . . . . . . . . . . . . 44
3.8 Setups for magnetoresistive characterization. . . . . . . . . . . . . . . 45
3.9 Mechanical characterization tools. . . . . . . . . . . . . . . . . . . . . 47
4.1 Touchless manipulation of objects based on the interaction with mag-
netic fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Fabrication of spin-valve sensor chips. . . . . . . . . . . . . . . . . . . 51
4.3 Assembly of a 2D magnetosensitive e-skin. . . . . . . . . . . . . . . . 52
4.4 Compliance characterization of the 2D magnetosensitive e-skin. . . . 54
4.5 Functional tests of a single spin-valve sensor under mechanical strain. 55
4.6 Mechanical stability of the sensor layer stack upon bending. . . . . . 56
4.7 Magnetoresistive characterization of spin-valves and angle reconstruc-
tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.8 Virtual keypad addressed in a touchless manner. . . . . . . . . . . . . 60
4.9 Light dimming of a virtual bulb. . . . . . . . . . . . . . . . . . . . . . 61
4.10 Encapsulation experiments for a spin-valve sensor. . . . . . . . . . . . 62
4.11 Morphology and thermal performance of the polyimide foils. . . . . . 65
4.12 Temperature compensation of the sensor bridge. . . . . . . . . . . . . 66
10
CHAPTER 0
5.1 Fabrication of the barber pole geomagnetic e-skin. . . . . . . . . . . . 69
5.2 Mechanical performance of the barber pole geomagnetic e-skin. . . . . 70
5.3 Morphological characterization of the barber pole geomagnetic e-skin
upon bending. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.4 Tuning effects of the geometric conditioning and aspect ratio of the
sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 Magnetoresistive characterization and flipping effects in the geomag-
netic e-skin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.6 Detection of the earth’s magnetic field upon rotational offset. . . . . . 77
5.7 Thermal noise of the e-skin compass. . . . . . . . . . . . . . . . . . . 78
5.8 On-skin geomagnetic orientation setup. . . . . . . . . . . . . . . . . . 79
5.9 Outdoor geomagnetic detection. . . . . . . . . . . . . . . . . . . . . . 80
5.10 Geomagnetic interaction with a virtual reality environment. . . . . . 81
6.1 Fabrication, imaging and measurement of PHE e-skins. . . . . . . . . 83
6.2 Magnetic stray field detection with PHE sensors. . . . . . . . . . . . 85
11
CHAPTER 0
List of abbreviations
AC Alternating current
AI Artificial intelligence
AMR Anisotropic magnetoresistance
AR Augmented reality
CAD Computer-aided design
DC Direct current
DMAc Dimethylacetamide
DTPA Diethylenetriaminepentaacetic acid
EB Exchange bias
FFT Fast Fourier Transform
FIB Focused ion beam
GMR Giant magnetoresistance
HCI Human-computer interactions
HMD Head-mounted display
IoT Internet of Things
PAA Polyacrylic acid
PCB Printed circuit board
PDMS Polydimethylsiloxane
PET Polyethylene terephthalate
PHE Planar Hall effect
PI Polyimide
SEM Scanning electron microscopy
SPD Sensory processing disorder
SQUID Superconducting quantum interference device
TFT Thin film transistor
TMR Tunnel magnetoresistance
VHB Very high bonding
VR Virtual reality
12
Chapter 1
Introduction
1.1 Motivation and scope
In the last decades, the evolution of electronics and computer science has given
birth to ever more intelligent machines and systems, which are rivaling human in-
telligence. Concepts like the Internet of Things (IoT) 1 and artificial intelligence
(AI) 2 are increasingly pervading our world and demand for new kinds of human-
computer interactions (HCI). 3,4 State-of-the-art robots and computational systems
are behaving more “human-like” thanks to the massive amounts of data collected
by sensor networks and analyzed by AI platforms. 5 At the same time, humans
are more connected than ever due to the numerous portable and wearable gadgets
continuously monitoring and influencing our day-to-day life. 6,7 As these technolo-
gies progress further, the boundaries between humans and machines are becoming
fuzzier, and new aspects of human perception and device interactivity are being
discovered. A key part of this development is the field of flexible electronics, which
promises to harmoniously bridge the living and digital worlds by means of electronic
skins (e-skins). 8 –11 These e-skins aim to preserve the functionality of standard elec-
tronics while allowing skin or tissue-like properties such as flexibility, stretchability
and biocompatibility. 8,12 –14 Accomplishing this vision could provide humans with
more natural prosthetics, skin substitutes or even a second skin with additional
functionalities. Mostly, the efforts in this field have focused on the development of
temperature, pressure and chemical sensors, 6,7,15 which address the natural aspects
of human skin. However, recent works 16,17 on shapeable magnetoelectronics 18 have
introduced a new sensorial dimension to e-skins, namely, the ability to detect and in-
teract with magnetic fields. These magnetosensitive e-skins have opened up exciting
possibilities for human perception as they could become a supplementary informa-
tion channel beyond the standard five senses. Exploiting this additional information
channel could significantly influence both sides of the human-machine spectrum.
On the human side, they could provide a way to systematically study the effects of
magnetic fields in sensory perception. This task has been the subject of controversy
especially when investigating the influence of the earth’s magnetic field. 19 Many an-
imal species certainly possess an in-built sensitivity to magnetic fields termed mag-
netoreception, 20 –22 however it still remains unclear whether humans also do. 23,24
Exploring this phenomenon is of crucial importance for biology as it has been sug-
gested that it might be “the primal sense”, 23 and thus an evolutionary link to other
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species. Also, in the field of cognitive psychology, magnetoreception, whether natu-
ral or artificially provided, is of paramount relevance for the understanding of nav-
igation and sensory substitution. 25 –30 Elucidating the underlying mechanisms of
these two topics could help to explain how and if new senses can be acquired. Fur-
thermore, this knowledge can be used to treat individuals with sensory processing
disorder (SPD), 31 –34 which “exists when sensory signals are either not detected
or don’t get organized into appropriate responses”. 33 In this case, magnetosensitive
e-skins together with active feedback could increase the spatial awareness of pa-
tients and complement the proprioceptive or vestibular therapies commonly used.
Apart from these approaches, some people would like to use additional senses to
enhance their natural perception beyond the usual five senses. Technology enthusi-
asts have tried to artificially replicate magnetoreception using wearable devices 35 or
implants; 36 yet, these approaches remain unpopular due to their bulkiness or cum-
bersome implementation. Here, magnetosensitive e-skins could provide a seamless
way of integrating this desired functionality with the human body.
On the side of machines, magnetosensitive e-skins exploit an often overlooked stim-
ulus like magnetic fields, to enable new kinds of flexible and soft human-machine
interfaces. Conventional approaches in the field of flexible electronics utilize capac-
itive or strain sensing, 37 –39 and therefore are limited to touch-based interactions.
Magnetic sensing, on the other hand, can be used as an inherently touchless de-
tection platform, which unlocks a wide array of interaction scenarios. 18 Due to the
three-dimensional pervasiveness of magnetic fields, they allow for ubiquitous and
unobstructed interactivity, which can be used to reconstruct motion or position in
space. This aspect can be utilized for example, to fabricate gestural control in-
terfaces which behave as the touchless analog of pressing and turning interactions.
Moreover, as magnetosensitive e-skins do not require line-of-sight to operate, they
do away with complex setups or cameras which optical systems typically use. In ad-
dition, magnetic sensors can operate using compact and “self-powered” sources like
permanent magnets, or even go source-less by exploiting the omnipresent geomag-
netic field. All these characteristics are desirable to create portable, lightweight and
mechanically compliant human-machine interfaces, which provide a new platform
for virtual (VR) and augmented reality (AR) systems. This novel platform could
become a natural evolution beyond the typically rigid VR gadgets; by enabling fine
motion tracking in a compact, soft and flexible manner.
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1.2 Accomplishments
This thesis has advanced the field of shapeable magnetoelectronics 18 by adding di-
rectional perception as a new sensing mode and showing how this novel approach
can be employed in numerous application fields. Previous shapeable magnetoelec-
tronic devices were limited to proximity detection and therefore did not use the full
interaction potential of the magnetic field vector. The results of this thesis demon-
strate a new kind of interactive devices in the form of magnetosensitive e-skins which
can be employed in AR or VR scenarios. Various configurations allow these mag-
netosensitive e-skins to operate with standard permanent magnet sources, 40 using
geomagnetic 41 or sub-geomagnetic fields. 42 During this thesis I accomplished the
following tasks:
• Set up a group of labs suitable for polymer synthesis, microfabrication and
characterization of flexible electronics.
• Developed sample preparation methods which allow handling and patterning
on flexible and ultrathin polymeric substrates using standard photolithography
conditions.
• Established microfabrication procedures and photolithography strategies to
overcome the alignment difficulties arising from the thermal expansion or phys-
ical displacement of ultrathin polymer substrates.
• Wrote computer scripts and instrument control programs to automatize mea-
surement setups, collect data and calculate relevant experimental parameters.
• Created an uncomplicated transfer printing methodology to fabricate angular
magnetic field sensors on ultrathin substrates employing a single deposition
run and without the need for laser annealing.
• Introduced the idea of using magnetosensitive e-skins for multi-directional in-
teractivity, which ultimately merged the field of flexible magnetoelectronics
with VR, AR and HCI.
• Devised a fabrication route for geomagnetic field sensors on ultrathin sub-
strates, thus extending the capabilities of shapeable and imperceptible mag-
netoelectronics to the µT detection range.
• Designed and built characterization setups to measure the magnetoresistive
properties of magnetosensitive e-skins under static or dynamic bending condi-
tions.
• Supervised and collaborated on the conception and realization of magnetosen-
sitive e-skins with sub-µT detection capabilities.
• Attended conferences and workshops where I presented and disseminated the
results of this work.
• Supervised master students towards the successful completion of their master
theses and project works/lab rotations.
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1.3 Thesis structure
Chapter 2 presents a survey of the most prominent concepts and prior art required
for the understanding of this thesis. The chapter first addresses the history of flexible
electronics, the evolution of electronic skins and their resurgence with enhanced
mechanical properties. Next, the most relevant types of magnetoresistive sensors
for this work are discussed and their working principles explained. Lastly, some of
the most important milestones in the history of interactive devices, virtual reality
and magnetic interfaces are highlighted.
Chapter 3 introduces the fabrication and characterization methods utilized during
this thesis. First, general concepts of photolithography and thin film patterning
are explained. Then, sample preparation techniques for flexible substrates and thin
film deposition methodologies are examined. Finally, various magnetoresistive and
mechanical characterization approaches are described.
Chapter 4 is dedicated to a new class of magnetosensitive e-skins with directional
perception, which advance beyond the proximity sensing concept. The chapter ex-
plains the working principle of these novel e-skins, which is based on specifically
arranged spin-valve sensors. Subsequently, fabrication details, material properties
and characterization methods needed to gauge the performance of these e-skins are
provided. Application examples in the fields of touchless interactive devices and
virtual reality are presented at the end.
Chapter 5 builds upon the ideas of the previous chapter to create geomagnetosen-
sitive e-skins, i.e, magnetosensitive e-skins driven only by the earth’s magnetic field.
The technology at the core of this achievement; barber pole modified AMR sensors,
is correspondingly introduced. The chapter then describes the fabrication process,
magnetoresisitive characterization and vectorial experiments performed to ensure
the proper reconstruction of the geomagnetic field. Two potential uses in the fields
of portable on-skin orientation devices and geomagnetic virtual reality are presented
in the last part.
Chapter 6 explores how to achieve magnetosensitive e-skins with sub-µT detection,
to potentially access the tiny biomagnetic fields of the human body towards point-of-
care devices. For this purpose, a different measurement configuration based on the
planar Hall effect is proposed. The chapter summarizes the fabrication, magnetore-
sistive characterization and mechanical tests carried out to validate the functionality
of these e-skins. Lastly, two demonstrators for detecting small stray magnetic fields
in stationary and rotating conditions are presented.
Chapter 7 summarizes this work and discusses outlook scenarios to enhance the
functionality of magnetosensitive e-skins or extend the concept of functional e-skins
to include sensory feedback in biological entities. Potential improvements for mag-
netosensitive e-skins like nerve stimulation, wireless communication and integration
with active electronics, multiaxial sensing, and encapsulation are presented.
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Background
2.1 Flexible electronics
Electronics is one of the most important pillars of the modern world and probably
the most subversive technology of the last fifty years. Its constant evolution keeps on
driving our society forward in ways which were unthinkable when the first transistor
was fabricated and described by Shockley and collaborators. 43 As this technology
continues to reach for new frontiers, the modern trends of our civilization require
novel kinds of functional electronics which are flexible, 6,9,44 stretchable 12,13,45 and
wearable. 46 –48 This innovative electronics aim to integrate with and mimic biologi-
cal entities or structures, while preserving its functionality and becoming a seamless
link between machines and the living world. 10 Conventional electronics manufac-
turing is not suitable to address these societal needs, mainly due to the restrictions
imposed by its usually rigid substrates and fabrication techniques. Therefore, to
bring mechanical flexibility to electronics, researchers shifted their attention towards
thin film fabrication methods, which are at the core of what is now called flexible
electronics.
2.1.1 A brief history
It would be tempting to consider flexible electronics a new research field; however, its
origins can be traced as far back as 1903, when Hanson proposed a flat foil conduc-
tor in British patent 4681. Unfortunately, the interest back then was not in flexible
devices but rather in cables and interconnects, so this idea found no application in
flexible electronics. Nevertheless, the concept of interconnecting components moti-
vated other inventors like Charles Ducas, who in 1925 patented a method to print
conductive inks onto non-conducting substrates. 49 This invention would ultimately
pave the way for modern printed circuit boards (PCBs) and additive manufactur-
ing, both of key relevance in flexible electronics. Some decades later, Lilienfeld 50
and Heil 51 would first conceive the thin film transistor (TFT), but due to the lim-
ited technology at the time, they could not fabricate it. This invention remained
dormant until RCA labs finally materialized it in 1962 52 and then were forced to
stop when MOS transistors took industry over. This move left Westinghouse labs
as the only TFT player and the one who would first demonstrate in 1967 53,54 a
plethora of digital and power circuits on paper and plastic. All these newly devised
circuits attracted the attention of the aerospace industry, which aimed to increase
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the generated power per unit weight for their solar cell modules. 55 However, with
the decay of space exploration activities and further industrial developments, thin
film circuits were temporarily forgotten.
Figure 2.1: The early years of flexible electronics. (a) Cross-sectional and top
view of the first fabricated TFT at RCA labs. 52 (b)Large-area production of TFTs
on Mylar at Westinghouse labs. 54 (c) Twelve inch solar cell array produced for the
US Air force using thin film technology. 55 (d) TFT power device by Westinghouse
labs (1973). Scale bar indicates one inch. (e) Demonstration screen with 120 x 120
TFT elements (Westinghouse 1974). (f) TFT addressed liquid crystal (LC) panel
manufactured by Panelvision in 1983. Images (d) to (f) are taken from. 54
Yet, during the 70s and 80s, science fiction books and films popularized the early
notions of bionic body parts and inadvertently set the ground for future electronic
skins. Series like The Six million Dollar Man 56 and movies like Star Wars 57 and Ter-
minator 58 already depicted bionic replacements, electronic hands and self-healing
materials. All these fictional stories started to come to reality in 1974 when Clip-
pinger et al. demonstrated an implantable feedback system for prosthestics. 59 Then,
in 1985, General Electric created the first prototype of a sensitive skin for a robotic
arm, 60 integrating 500 infrared sensors on Kapton foil (inter-sensor distance 5 cm).
During the 90s, a series of large-area, low-cost flexible sensors and actuators were
developed for detecting signals in (until then) unconventional environments 61 –63
or for motion planning. 64,65 One of the most prominent examples was the work of
Lee et al., which combined shear stress sensors and Microelectromechanical systems
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(MEMS) actuators on a single skin. 66 Just at the turn of the century, a seminal
paper on the mechanics of film-on-foil electronics 67 would spark the current era of
flexible electronics.
2.1.2 Electronic skins (e-skins)
At the dawn of the new millennium, flexible circuits were a reality and researchers
were moving more and more towards plastic-based electronics, as seen in the classical
review “putting it on plastic”. 68 However, it was not clear yet where to employ the
mechanical advantages of this emerging technology. The tipping point was the 1999
“Sensitive Skin Workshop” in Arlington where it was first recognized that “sensitive
skins” could find their niche in human sensing, textiles and robotics. 69 In the follow-
ing years, researchers began integrating different kinds of sensors onto these artificial
skins, propelled by the ideas of this workshop. Amidst this exploration, the first use
of the expression electronic skins in the context of flexible electronics came in an
article by Wagner and coworkers. 70 In this work, they describe the use of stretchable
metallization on elastomeric substrates to interconnect rigid islands hosting func-
tional cells of electronic circuitry and sensors. This rigid-island approach became
one of the most used topologies, as it preserves the integrity of the functional ele-
ments while the rest of the skin stretches. At the same time, the possibility of having
multiple islands with different functionalities opened the door for multisensory elec-
tronic skins. From there, a subsequent paper by Someya et al. 71 introduced the term
e-skins and combined temperature and pressure mapping for the first time in flexible
electronics. Further efforts from Prof. Rogers and coworkers consolidated the field
by establishing a wide range of fabrication methods for flexible, high-performance
semiconductors and epidermal circuits. 11,72 –77 Contributions from Prof. Bauer
and coworkers have explored the use of soft dielectrics, 78,79 ferroelectrets 80 and so-
lar cells. 81 In a breakthrough paper, Kaltenbrunner et al. introduced the concept of
imperceptible electronics, where reducing substrate thickness renders the fabricated
devices virtually unbreakable. 82 Based on this concept, the groups of Profs. Someya
and Bauer have explored numerous applications in photonics, 83,84 biosensing 85,86
and photovoltaics. 87 In parallel, the groups of Profs. Rogers and Bao have initi-
ated the field of transient and bioresorbable electronics, 88 –90 in line with modern
environmentally-friendly policies. Recently at MIT media lab, Kao and coworkers
have created various kinds of electronic tattoos which act as interactive devices and
“Hybrid body craft”. 91 –93 In the last years, our group and formerly at the IFW
Dresden, we have developed the concept of shapeable magnetoelectronics, 18 which
bridges the world of e-skins with that of thin film magnetic field sensors to add an
additional "sixth sense". 17
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Figure 2.2: E-skins: from science fiction to reality. (a) Artificial limb portray-
ing early visions of e-skins in the film Star Wars V: The Empire Strikes Back. 57 (b)
Image from the film The terminator depicting how e-skins could replicate the proper-
ties of human skin in robotic entities. 58 (c) Sensitive skin module with 8 x 8 infrared
sensor pairs developed by Lumelsky at the Robotics Laboratory in the University
of Wisconsin-Madison. 69 (d) Electronic artificial skin based on organic transistors
developed by Someya et al. 94 (e) Epidermal electronic tattoo with wireless trans-
mission and sensing modules. The tattoo remains functional under compression
(left) and stretching (right). 76 (f) Imperceptible electronic skin hosting a 12 x 12
active matrix of organic field effect transistors. 82 (g) Bending-insensitive pressure
sensors acting as a second skin on a human hand to detect slight normal forces. 95
(h) Nanomeshed on-skin electronic circuit with high compliance and breathability. 96
(i) Colorimetric UV dosimeter based on epidermal electronics developed by Rogers
group at Northwestern University. 97 (j) Gold leaf skin user interfaces for interactive
electronics and functional body craft. 92 (k) Interactive pointing device based on
imperceptible magnetoelectronics mounted on a finger. 17 (l) E-skin based control of
a virtual reality environment using the earth’s magnetic field. 41
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2.1.3 Enhanced mechanical properties
While the fabrication of flexible circuits was already available since the early 90s,
the breakthrough in understanding came with Suo’s work in 1999. 67 Only then it
became clear what mechanical advantages would it bring to manufacture circuits
on compliant and thin substrates. The main realization by Suo and coworkers was
to treat the thin film on foil problem as a classical composite beam problem of
continuum mechanics. In doing so, they found out that reducing the substrate
thickness is also effectively reducing the strain experienced by the thin films on top.
This result comes as a natural consequence of the equation describing the strain
along the bending direction x in a structure: 98
x =
z
R
(2.1)
As seen in equation 2.1, the strain in x x scales linearly in the z direction or
thickness of the substrate and it’s inversely proportional to the curvature radius R.
Three implications stem from this statement: (i) At z = 0, the neutral mechanical
plane, there’s no strain, (ii) large curvature radii decrease strain and (iii) the larger
the z position is, the more strain in that plane. All these facts are usually seen
in nature and it is why thick objects have a large bending stiffness. 99 Another
key point of this research was noticing that by having softer substrates, with lower
Young’s moduli, like plastic, the strain could also be reduced. This follows from the
calculation of the centroid for a composite structure. In the case of a single-material
structure or one where the Young’s moduli are similar, for example metals on silicon,
the centroid z lies in the middle of the structure:
z =
(df + ds)
2
and the strain is: x =
(df + ds)
2R
(2.2)
Where df and ds are respectively the thickness of the film and the substrate. How-
ever, if the substrate material has a considerably smaller Young’s modulus than
the thin film on top, the structure behaves like a composite 99,100 and the centroid
changes: 67,98
z =
(df + ds)(1 + 2 + 
2)
2(1 + )(1 + )
with a strain: x =
(df + ds)(1 + 2 + 
2)
2R(1 + )(1 + )
(2.3)
Where h = df=ds , q = Yf=Ys and Yf , Ys are the Young’s moduli of the film and
substrate respectively. If q is about 100 as is the case between steel and plastic, the
strain can be reduced approximately 5 times compared to the rigid case. Further-
more, if a proper encapsulation layer is selected, the film can be placed at the neutral
plane and no strain will be exerted on it upon bending. Selecting an appropriate
encapsulation implies fulfilling the relation: 67
Ysd
2
s = Yed
2
e (2.4)
Where Ye and de are respectively the Young’s modulus and thickness of the encap-
sulation. As it can be seen, there is an interplay between the Young’s moduli and
the thicknesses of the layers above and below the film. Correspondingly, all the
equations above can also be used to estimate the minimum bending radius for a
desired critical strain threshold, a common practice in flexible electronics.
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2.2 Thin film magnetic field sensors
The fabrication requirements of flexible electronics have opened a new application
space for thin film technologies, which were also at the core of the magnetic storage
revolution. Magnetic field sensing can be performed with search-coils, flux-gates,
superconducting quantum interference devices (SQUIDs) and magnetoresisitive de-
vices among others. 101 –103 However, magnetoresistive and Hall effect technologies
are the most suitable for thin film fabrication as they do not require bulky parts like
coils or cooling systems. Therefore, in this work we have explored the possibilities
of these technologies in combination with the electronic skins described above.
2.2.1 Magnetoresistive sensors
In simple terms, magnetoresistance is the change of electrical resistance of a material
upon the application of a magnetic field. This pervasive effect was first noticed by
William Thompson (Lord Kelvin) while experimenting with iron pieces in 1856. 104
During his tests, he discovered that the electrical resistance of iron decreased when
a magnetic field was applied perpendicular to the current and increased when ap-
plied along. While this observation would nowadays be classified as anisotropic
magnetoresistance (AMR), it marked the beginning of an era of exploration with
magnetoresistance. There are many kinds of magnetoresistive sensors depending on
the physical nature of their effect; the simplest variety relies on the Lorentz force
in conducting or semiconducting materials. This force deflects electrons perpen-
dicularly to the applied current and magnetic field, thereby decreasing the carrier
mobility in the material. 105 Magnetoresistive sensors can be considered a large set
of devices which have many different physical origins.
2.2.2 AMR sensors
The physical origin of AMR is related with the shift in the energy levels of spin-
up and spin-down electrons upon the application of a magnetic field. 106 However,
consistent agreement between experiments and theory has not yet been achieved. 107
The main characteristics of this effect in contrast with ordinary magnetoresistance
are that it arises in ferromagnetic materials and it is not solely explained by the
Lorentz force. One of the clearest pictures of the effect uses spin-orbit coupling to
explain the resistance increase for the case of a ferromagnetic sensor film (Fig. 2.3).
In this case, applying a magnetic field perpendicular to the current direction deforms
the lattice in this orientation and, due to the coupling, aligns the electronic orbitals
with the current. The effect of this modification is that the scattering cross-section
in the material as well as its resistivity are reduced. Conversely, if the field is parallel
to the current, the scattering cross-section and the resistivity are increased. 108
For sensing purposes, it is important to define the anisotropy field H0 in a sensor
stripe, which describes the minimum energy magnetization state. Usually, this state
also determines the so called easy axis or the preferential orientation of the mag-
netization without an external magnetic field applied. The magnetization vector M
in the stripe is therefore defined by the interplay of the anisotropy field and any
externally applied magnetic field (Fig. 2.4). In a stripe with easy axis along the x
axis and an external magnetic field Hy acting only along the y axis, the following
relation can be established:
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Figure 2.3: Scattering cross-section change in an AMR film. Parallel and
perpendicular arrangements between the magnetic field and current vectors yield
high (a) and low (b) resistive states respectively.
sin() =
Hy
H0
(2.5)
Where  is the angle between magnetization vector M and the easy axis. Typically,
the electric current in the sensor is aligned with the easy axis so the angle  can also
be linked to the resistance R() using: 106
R() = R0? + Rcos2() (2.6)
Where R0? is the minimum resistance (perpendicular to the magnetization) and R
is the maximum change in resistance which is usually about 2% for AMR. The angle
 is explicitly defined in this case as that between the magnetization and electric
current vectors (Fig. 2.4). Due to their defined angular dependence, AMR devices
are readily used as versatile angle and proximity sensors with applications in hard
disk read heads, automotive and current sensing. 101 The most common materials
used for AMR sensing are Ni and Fe alloys, especially permalloy (Ni81Fe19), as
it displays high AMR effect and very low magnetostriction. Key advantages of
these sensors are their low cost, noise immunity, fast response (1-5 MHz bandwidth)
and ease of integration with silicon-based electronics. Usually, they are thin film
deposited and arranged as a Wheatstone bridge, 109,110 which cancels out unwanted
disturbances and maximizes the signal output. 111,112 Furthermore, if this bridge
topology is combined with layout conditioning techniques, AMR sensors can be
applied to detect magnetic fields as low as the magnetic field of the earth (25 - 60
µT 113).
Figure 2.4: Relationship between the magnetization and current vectors in an AMR
film.
Geomagnetic field sensing
Detecting the earth’s magnetic field or geomagnetic field requires achieving high sen-
sitivity at low magnetic fields (< 1mT), a task out of reach for most magnetoresistive
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sensors. However, AMR sensors can be designed to operate at this sensing range
with the barber pole biasing method, first proposed by Kuijk and coworkers. 114 In
this method, a standard AMR stripe is tailored to operate around an angle  of
45°, where the sensor response is highly linear. 101 To do so, skewed slabs of highly
conducting material are added on the stripe at a 45° angle with respect to the easy
axis. This modification assures that the current will flow at 45° with respect to the
magnetization in the stripe. Such a behavior is valid as long as the external field is
smaller than the anisotropy field H0, otherwise non-linear or flipping effects might
arise.
Figure 2.5: Barber pole modification and Wheatstone bridge arrangement.
(a) Arrangement of the current and magnetization vectors in an unmodified permal-
loy stripe. The AMR response displays a symmetric bell-like response (left panel).
Upon modifying the permalloy stripes with 45° skewed conductive stripes, the AMR
response becomes antisymmetric about zero magnetic field (right panel). (b) Wheat-
stone bridge configuration used to maximize the output voltage. The electric current
orientations on each of the barber pole modified sensors are indicated by red arrows.
To illustrate the effect of the barber pole, equation AMR can be reorganized as a
function of the maximum resistance R0k (parallel to the magnetization) to yield:
R() = R0k + Rsin2() (2.7)
Next, by combining equation 2.5 with equation 2.7 the resistance as a function of
the external magnetic field Hy can be defined:
R(Hy) = R0k + R(
Hy
H0
)2 (2.8)
This equation describes the standard response of an AMR stripe without barber
pole modification. Upon applying the barber pole method a 45° shift is introduced
so that R() and R(Hy) become:
R()45 = R0k + Rsin()cos() , R(Hy)45 = R0k + R
Hy
H0
r
1  (Hy
H0
)2 (2.9)
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From equation 2.9 it is clear that for Hy < H0 R(Hy) is a fairly linear function,
which can detect sign changes in the magnetic field Hy (Fig. 2.5(a)). These two
properties are ideal to detect the geomagnetic field, typically below the anisotropy
field of 200 µT to 1 mT in permalloy. 115 –117 Another advantage of the barber pole
method is that changing the orientation of the conducting slabs from 45° to 135° flips
the sign of the R term in equation 2.9. Using this property in a Wheatstone bridge
configuration yields maximum output voltage if adjacent elements in the bridge have
opposite slab orientations (Fig. 2.5(b)). Under such condition the output voltage
of the Wheatstone bridge is given by:
V (Hy) = Vin
R(Hy)45  R(Hy)135
R(Hy)45 +R(Hy)135
= Vin
R
R0k
Hy
H0
r
1  (Hy
H0
)2 (2.10)
This equation shows that the output voltage of the bridge is linear with the external
magnetic field Hy and readily allows detecting the geomagnetic field.
Planar Hall effect
Another aspect of AMR sensing which is often overlooked is the planar Hall effect
(PHE) 118 which appears as a transversal voltage during AMR measurements.To
illustrate this, we can consider a uniform current Ix circulating through a bar-shaped
ferromagnetic thin film of thickness t, which produces a transverse voltage Vy given
by: 119
Vy =
Ixsin(2)
2t
(2.11)
Where  = k  ?, with k and ? are the resistivities parallel and perpendicular
to the magnetization direction. Furthermore, the magnetic thin film is assumed
to be in a single domain state with an in-plane magnetization along the unit vec-
tor M^ = (cos; sin). This expression is only valid for a Hall bar with infinitesimal
voltage probes, however it reflects the expected angular dependence in PHE sensors.
Considering a ferromagnetic film with a magnetic anisotropy forcing the magneti-
zation to be in the film plane; when an electrical current circulates through the film
along the x axis, the longitudinal (Ex) and transverse (Ey) electric fields can be
derived using the resistivity tensor: 120
Ex
Ey

=

xx xy
yx yy
 
Jx
0

(2.12)
with: xx = ? + (k   ?)cos2() (2.13)
and xy =
1
2
(k   ?)sin(2) (2.14)
Even though the magnetoresistance effect is of the same magnitude for both AMR
and PHE, the resistance variation for the AMR case evaluates to a non-zero value
at zero field. This fact makes AMR devices more susceptible to thermal noise and
thermal drifts, 121 while yielding an effective sensitivity of zero at small magnetic
fields. On the other hand, when measuring the transverse voltage (PHE voltage),
the response of the PHE sensor devices is intrinsically linear and lies on a zero
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baseline. These properties are ideal for detecting small magnetic fields without the
need of additional conditioning as for barber-pole-based sensors.
Figure 2.6: Planar Hall effect measurement scheme and magnetoresistive
response. Figure adapted from. 42
2.2.3 Giant magnetoresisitive (GMR) sensors
The discovery of giant magnetoresistance by the groups of Fert 122 and Grünberg 123
marked the beginning of the magnetic storage revolution, leading to the wide-spread
use of GMR sensors. The main advantage of GMR sensors is that they display a
larger effect (up to 150% 124) compared to AMR sensors ( 2%). This improvement
allowed smaller magnetic regions and weaker signals to be detected, thus improv-
ing the capacity and performance of modern hard disks. The GMR effect arises in
magnetic multilayered systems with intercalated ferromagnetic and non-magnetic
conductors. In such systems, a parallel or antiparallel alignment between the mag-
netization vectors of the ferromagnetic layers leads to large magnetic field-dependent
changes in electrical resistance (Fig. 2.7(a)). This alignment is mainly due to two
prominent effects; exchange interlayer coupling and spin-dependent scattering.
Exchange coupling
Exchange coupling is based on the energetically favorable alignment of ferromag-
netic layers depending on the thickness of the spacer (non-magnetic) layer (Fig.
2.7(b)). For certain thicknesses, the magnetization of the ferromagnetic layers will
be parallel (ferromagnetic coupling) and for other thicknesses it will be antiparallel
(antiferromagnetic coupling). This phenomenon was first reported in by Grünberg
et al. in 1986 125 for a Fe/Cr/Fe system, where they noticed the vital importance
of the Cr spacer layer thickness. Some years later, Parkin et al. 126 first realized
that the dependence of the coupling had an oscillatory nature as a function of the
spacer thickness. These works were followed by the report of a 65% GMR effect in a
Co/Cu system at room temperature, 127 which propelled the industrial applications
of GMR sensors. The most successful model for understanding this effect is based
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Figure 2.7: GMR effect and exchange coupling in multilayered systems.
(a) Typical GMR response of a Co/Cu multilayer. Parallel and antiparallel mag-
netization alignments respectively lead to low resistance and high resistance states.
(b) Schematic showing the most important parameters of the exchange coupling
mechanism. The coupling energy depends on the angle between magnetizations of
the intercalating ferromagnetic layers and the spacer thickness.
on the Ruderman-Kittel-Kasuya-Yosida (RKKY) theory, 128,129 which attributes the
oscillations to spin-dependent quantum interference in the spacer layer. Using the
predictions of the model, it can be conveniently estimated for which spacer thickness
there will be a ferromagnetic or antiferromagnetic coupling (Fig. 2.8(a)).
Spin-dependent scattering
Originally, the GMR effect was thought to be tightly linked with exchange coupling;
however, several studies in the early 90s 130,131 reported GMR effects even in its
absence. Therefore, the observed results had to be related to another phenomenon.
So far, the most commonly accepted explanation is spin-dependent scattering due
to the exchange-split band structures in ferromagnetic materials. This scattering
can be qualitatively understood through the Mott model, originally proposed for
explaining resistance increase in ferromagnetic materials when heated above Curie
temperature. 132 The model introduces 2 basic postulates: (i) Electrical conductivity
in metals can be thought to have two independent conducting channels, respectively
formed by the spin-up and spin-down electrons. These two channels do not mix as
spin-flip scattering processes are far less probable than those which conserve spin.
(ii) For ferromagnets, the scattering rates for spin-up and spin-up electrons differ
and are highly affected (exchange-split) by the magnetic moment of the material.
Therefore, ferromagnets with a particular magnetic orientation will weakly scatter
electrons with certain spin and strongly scatter those with the opposite spin. Using
Mott’s formalism, the resistance of a GMR multilayer can be modeled as parallel
resistances which have a preferential (spin-up or spin-down) scattering orientation
(Fig. 2.8(b) and (c)). In the simplest case of two ferromagnetic layers and a spacer
layer, two possible scattering scenarios can arise. First, if both ferromagnetic layers
are assumed to preferentially scatter spin-down electrons (parallel magnetizations);
spin-up electrons experience very little resistance and spin-down electrons very high
resistance (Fig. 2.8(b)). On the other hand, if the magnetizations are antiparallel,
spin-up and spin-down electrons are both eventually scattered in one of the layers,
resulting in a higher resistance overall (Fig. 2.8(c)).
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Figure 2.8: RKKY coupling and Mott model. (a) Schematic showing the
oscillatory dependence of the RKKY coupling as a function of the spacer thickness
for a Co/Cu multilayer. (b) Parallel magnetization alignment and equivalent Mott
model circuit. The two resistance branches respectively correspond to the spin-up
and spin-down channels. In this parallel alignment the spin-up electrons experience
low resistance (green squares) and spin-down electrons high resistance (red squares)
in both ferromagnetic layers. (c) An antiparallel alignment eventually creates a high
resistance state (red squares) in either of the layers for both spin-up and spin-down
electrons. The overall resistance in this case is higher compared to the case described
in (b).
2.2.4 Spin-valves
First proposed in 1991 by Dieny et al., 133 spin-valves are a special GMR config-
uration which introduces an additional antiferromagnetic (AFM) layer to define a
preferential magnetization axis. The typical structure of a spin-valve consists of a
GMR ferromagnetic/non-magnetic/ferromagnetic trilayer (Fig. 2.9(a)), where one
of the ferromagnetic layers is in contact with an AFM layer. Because of this ar-
rangement, the magnetization of the ferromagnetic layer close to the AFM layer
gets pinned by means of the exchange bias effect. 134 To complete the process, the
growth of the whole device is performed under a magnetic field, which fixes a prefer-
ential orientation, i.e., biases the system. As the ferromagnetic layer farthest away
from the AFM layer is not affected by the exchange bias, it is referred to as the free
layer (its magnetization is easier to switch). The free and pinned layers are essential
to understand the magnetoresisitive behavior of spin-valves.
Magnetoresistive behavior
The magnetoresistive response of spin-valves differs from common multilayered GMR
systems due to the unidirectional anisotropy resulting from the exchange bias effect.
This anisotropy is responsible for an asymmetric MR response (Fig. 2.9(b)), in con-
trast to the normally symmetric one of GMR multilayers (Fig. 2.7). The typical MR
plot of a spin-valve is shown in figures 2.9 (b) and (c), where the most important
parts of its response are highlighted. The first critical point is the interlayer coupling
He between ferromagnetic layers, at this field, the spin-valve switches from a low
resistive to a high resistive state. The second checkpoint is the exchange bias field
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Heb or the magnetic field required to switch the pinned layer and decrease the resis-
tance again. The linearity of the switching is mainly determined by the coercivity
of the free layer Hcf , also called the minor loop of the spin-valve (Fig. 2.9(c)). This
coercivity is very important if the spin-valve is to be employed as a linear sensor.
Finally, the parameter Hcp refers to the coercivity of the pinned layer, represented
by the so called major loop of the spin-valve.
Crossed anisotropy
To use spin-valves for sensing it is desirable to reduce the hysteresis during switching,
this means reducing the coercivity of the free layer Hcf . To accomplish this, a cross
anisotropy configuration is commonly used, a concept originally proposed by Rijks
and coworkers in 1994. 135 In this configuration, the exchange bias axis is defined
perpendicular to the easy axis of the free layer. By including this modification,
the free layer magnetization coherently rotates 90° and the hysteretic behavior is
substantially reduced, as no domain wall motion is involved 135,136 (Fig. 2.9(d)).
Figure 2.9: Spin-valve working principles. (a) Standard spin-valve layer stack.
(b) Typical GMR response of the spin-valve in (a). The operating region of the
spin-valve is highlighted in green. Red and green arrows show the alignment of the
free and pinned layers at each magnetic field region. (c) Zoomed image of the minor
loop in (b) highlighting the interlayer coupling He, the coercivity of the free layer
Hcf and the effect of a crossed anisotropy configuration. (d) Schematic describing
the orientation of the exchange bias and easy axis in an unmodified spin-valve (left)
and a spin-valve with crossed anisotropy (right).
Spin-valve based angular sensors
Similarly to AMR sensors, GMR based sensors can be employed to detect the angle
(orientation) of an external magnetic field. However, spin-valves have been partic-
ularly studied as angle sensors due to their constant resistance operation range at
magnetic fields between He and Heb. Within this range, the variation of the resis-
tance is only influenced by the angle of the magnetic field, unlike GMR multilayers,
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which are influenced by angle and intensity. Several works have explored the angu-
lar dependence of resistance in spin-valve systems, 112,137,138 which is given by the
following expression: 138
R() = Rp +
Rap  Rp
2
(1  cos()) (2.15)
Where Rp and Rap are respectively the resistance when the magnetizations of the
free and pinned layers are parallel and antiparallel to each other. The angle  is
defined between the magnetization of the free layer and the exchange bias direction.
Equation 2.15 shows that the unlike in AMR sensors, the resistance in spin-valves
is proportional to cos(), which allows them to detect angles in the full 360° range.
Another advantage of spin-valves is their inherent anisotropy due to the exchange
bias, which gives them a sense of directionality. This property is usually exploited by
combining several spin-valves in a Wheatstone bridge configuration 109,110 to achieve
maximum signal output and cancel intrinsic thermal effects. This can be illustrated
by looking at the typical output of a Wheatstone bridge consisting of resistances R1
to R4 (Fig. 2.10):
Vout = Vbias
R1R3  R2R4
(R1 +R2)(R3 +R4)
(2.16)
Usually, if the nominal value of all resistances is the same, the output voltage is 0
under no external stimuli, which is desirable for sensor conditioning. However, in the
case of spin-valves, their anisotropy brings another benefit if they are arranged so
that adjacent elements in the bridge have opposing orientations (Fig. 2.10). Under
this condition, the output of the bridge can be rewritten in terms of R() and R(
+ 180°), assigning the same nominal resistance of R1 to all elements: 112
Vout = Vbias
R21() R21( + 180)
(R1() + R1( + 180))2
= Vbias
R1() R1( + 180)
R1() + R1( + 180)
(2.17)
In Equation 2.17, if R1() is at its maximum, R1( + 180) is at its minimum and
the output variation is twice the total change of a single element (Fig. 2.10). Thus,
this configuration maximizes the signal output of the bridge. Finally, to complete a
full-fledged angle sensor, an identical Wheatstone bridge is fabricated perpendicular
to the first one to provide an output proportional to sin(). The angle of the external
magnetic field or measured angle  can then be calculated using the trigonometrical
relationship:
 = tan 1() =
Vsin
Vcos
(2.18)
Where Vsin and Vcos are the output voltages of the two perpendicularly placed
Wheatstone bridges. Using this relationship, spin-valve angle sensors can recon-
struct absolute angles over 360°, an improvement over AMR based angle sensors
which are intrinsically limited to 180°.
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Figure 2.10: Spin-valve-based Wheatstone bridge. Required exchange bias
orientations to maximize the signal output. Small inset plots indicate the angular
dependence of each of the single spin-valves. As adjacent components have opposite
exchange bias orientations, their respective maxima and minima overlap and enhance
the differential output.
2.3 Interactive devices and human-computer inter-
faces (HCI)
2.3.1 Early stages
One of the main aspects which this thesis explores is the interaction between humans
and computers using magnetic fields from the surroundings. However, interactivity
and the need to communicate with computers started far back with very differ-
ent mechanisms and devices, giving birth to what is now HCI. The term HCI is
sometimes also defined as human-computer interaction, 4,139,140 which is essentially
equivalent to human-computer interfaces, in the context of this work. The history of
HCI started in 1963 with the breakthrough PhD thesis of Ivan Sutherland, 141 where
he first demonstrated direct manipulation of objects on a screen. His system, called
the Sketchpad was a multifunctional “light pen” capable of writing, moving and scal-
ing objects, among other functions. During the years to follow, many input devices
and user interfaces were conceived to enable basic human-computer interactions.
Concepts like the modern mouse and multiple tiled windows were developed as part
of the NLS (“oN-Line System“) project, and demonstrated in 1968 by Engelbart and
coworkers. 142,143 Projects like Newman’s 1967 Reaction Handler 144 introduced one
of the earliest versions of a “widget”, a graphical potentiometer for dial-like control
dubbed “Light Handles”. 140
Later on during the 1970’s, Xerox PARC (Palo Alto Research Center) established
most of today’s interfaces for object manipulation in a computer and formulated the
“WYSIWYG” (what you see is what you get) approach. This concept set the base for
ubiquitous direct manipulation interfaces with text and drawing capabilities, as en-
visioned by Alan Kay in his 1977 article about the Dynabook. 145 The capabilities of
the Dynabook as described by Kay, strongly resemble the interactivity and functions
of today’s laptops and tablets. Building upon this knowledge, Xerox released the
Xerox Star in 1981 and was followed by Apple’s Lisa (1982) and Macintosh (1984),
the first commercial systems with “Direct Manipulation”. This term was coined by
Ben Shneiderman in 1983 146 and it means the “replacement of complex command
language syntax by direct manipulation of the object of interest”. This concept is at
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the core of most computer programs nowadays and it is partly responsible for the
wide-spread use and increased accessibility of personal computers.
Figure 2.11: The early years of interactive devices and VR. (a) Sketch-
pad, the first interactive device created by Ivan Sutherland in 1963. 141 Image taken
from[BIM blog]. (b) The sword of Damocles, the first head mounted virtual reality
system. 147 (c) The iconic Xerox Star computer, the first commercial product in-
troducing human machine interactivity. 148 (d) VIDEOPLACE, the first VR system
utilizing interactive silhouettes as “characters”. 149 (e) CAVE, the first VR system
using stereoscopic projection for a full room-scale experience. 150
2.3.2 Beyond standard interactions
During the 60s and 70s, designers realized that there were many interaction modes
which were still unexplored and could potentiate the user experience. Suddenly, fu-
turistic concepts such as gesture control, 151 multi-media, 3D animation, 152 VR, 153
cooperative computing 143 and even speech recognition 154 started to become true. 155
Very important milestones like the RAND tablet, 151 a precursor of gesture-controlled
devices, and the Lincoln wand, 156 a 3D location sensing system, set the table for
novel interactions. However, the most visionary work was Ivan Sutherland’s paper
The ultimate Display 153 in 1965, which already proposes an artificial world with
multisensorial stimuli and force feedback. This work is considered the conceptual
origin of VR, and would be materialized three years later when Sutherland himself
built The Sword of Damocles, the first VR head-mounted display (HMD) system. 147
In the next years, several VR systems were invented to improve the artificial world
that Sutherland had originally envisioned. Works like Myron Krueger’s VIDEO-
PLACE in 1975, which allowed users to interact with virtual silhouettes, expanded
on the development of virtual worlds. Further devices like the popular DataGlove
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(1985) and BOOM (1989) established themselves as VR dedicated consumer prod-
ucts. Also in 1989, Jaron Lanier of VPL Research proposed the term virtual reality,
which would later cement itself as a technology field. In 1992, a new kind of VR
based on stereoscopic projection was presented; the CAVE, 150 allowed users to ex-
perience a high resolution room-scale experience without an HMD. Then, in 1993
Feiner and coworkers introduced the term augmented reality 157 as “presenting a
virtual world that enriches, rather than replaces the real world”. In this paper, AR
was presented as a way to ease printer maintenance by providing visual cues to
guide the user. However, the bulkiness, high cost and complexity of VR and AR
technologies prevented them from spreading and reaching the public. By the early
2000s, almost all interest in these technologies had faded. It took about a decade
for a new generation of much cheaper and accessible hardware to appear and spur
the current revival of AR and VR. The first device of this new era was the Oculus
Rift (DK) 1 released in 2012, an HDM device which has set the tone for many other
competitors and iterations. In the last years, a plethora of VR and AR devices like
the HTC Vive, Google Cardboard, Samsung Gear VR, Microsoft HoloLens, among
others; have been released. 158 The relative success of this last wave of VR products
is enabled by the low cost and availability of consumer electronics nowadays. These
advantages have allowed manufacturers to deliver affordable VR sets and use the
already pervasive smartphones as VR/AR projecting systems. 159
On the side of gestural interfaces, from the mid-2000s we have seen an explosion
of devices based on touch and motion tracking. Some of the most prominent ex-
amples are Nintendo’s Wii console (2006), Apple’s iPhone and iPod touch (2007)
and numerous touchscreen mobile devices which have been released since 2008. 160
All these products initiated a technological revolution which has led to the current
smartphone and tablet era. Furthermore, motion capture systems have emerged as a
standard tool for gaming environments, sports training, animation and even art. 158
In these systems, sets of infrared (IR) cameras digitize movement and transfer it
to computers or gaming consoles for manipulating or interacting with objects. In
the last years, systems like the Leap Motion controller, Microsoft Kinect and Intel’s
Real Sense Camera; have enabled more real and smoother interactions. Current
efforts are focused on the integration of haptic systems with VR to deliver a more
complete experience to the users. 161 –163
2.3.3 Interactive devices based on magnetic fields
While IR motion capture systems are very popular nowadays, there are many other
sensing technologies available to build interactive devices based on human motion.
Mechanical, inertial, acoustic, magnetic and optical sensors have all intrinsic ad-
vantages and disadvantages, which implies that the best tracking solutions should
use a combination of them. 158,164,165 Building upon the expertise of our group with
magnetic field sensors, 18 we have focused our research on achieving interactivity
through magnetic field detection. Also, magnetic field sensors have desirable char-
acteristics for interactive devices; compactness, no requirements for line-on-sight,
and single-source or even source-less (using the geomagnetic field) detection. 164
Magnetic or electromagnetic tracking systems have been in use at least since 1969
when Polhemus Navigation Systems developed head tracking systems for the mili-
tary [PolhemusHist]. In the 80s and 90s, they were mainly employed in kinesiologic
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Figure 2.12: The new era of VR devices and haptics. (a) Modern head-
mounted displays. Top row from left to right: Oculus Rift, Steam VR/HTC Vive,
and Avegant Glyph, bottom row: Google Cardboard, Samsung Gear VR and OSVR
HDK. Image taken from. 158 (b) Reactive Grip Motion Controller by Tactical haptics.
This device includes tangential motion and skin stretching capabilities to recreate
the grip sensation in VR environments. (c) The Tactai TouchTM system by Tactai.
This system acts on the fingertips of the user to mimic the sensations of pressure
or texture during VR interactions (d) The VR touch system by GoTouchVR. It
operates similarly to the Tactai Touch, using vibrating actuators to stimulate the
skin. Pictures (b) to (d) are taken from. 163
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studies, 166 –168 rehabilitation 169 and human motion. 170 In the last 20 years, the
development low-cost wireless systems and compact inertial sensors, has boosted
the performance and convenience of the experiments done in previous decades. This
has been enabled by the appearance of magnetic and inertial measurement units
(MIMUs) which allow for unconstrained motion monitoring. 171,172 Numerous ap-
plications have emerged as possible alternatives to optical systems in gait analy-
sis, 173 medicine 174 and all kinds of human motion. 175,176 However, most of these
technologies utilize AC magnetic fields rather than the “pure” DC magnetic fields
of permanent magnets. Therefore, their complexity, footprint, weight and power
consumption increase dramatically compared to DC devices. As we move forward,
wearable and interactive devices are becoming lightweight, seamless and compliant
to the human body. 47,163 Under these conditions, magnetic sensing schemes must
adapt to be also flexible, soft, lightweight and portable. The first steps towards
this vision had been given by Parkin et al. who first grew GMR multilayers on
Kapton 177 and Mylar, 178 yet, with a reduced performance. The next step was
given by Chen et al. in 2008, 179 who significantly enhanced the response of GMR
sensors on flexible substrates. Some years later, Melzer and coworkers created the
first stretchable magnetoelectronic sensors based on GMR multilayers on PDMS. 180
Ensuing works on stretchable spin-valves, 181 printable magnetoelectronics, 182,183
flexible magnetoelectronic analytical platforms, 184 transfer printable magnetic field
sensors; 185 consolidated the field of flexible and stretchable magnetoelectronics. The
next milestone for interactive devices came in 2015 when Melzer et al. demonstrated
wearable interactive devices based on Hall effect sensors. 16 This work first hinted
towards interactive pointing devices which could be worn as an electronic skin and
even map the surrounding magnetic field. Further developments led to the break-
through paper in 2015 17 by Melzer and coworkers again, where they introduced the
concept of imperceptible magnetoelectronics. This concept enables magnetoresis-
tive sensors to withstand massive deformations while attaching conformably to the
human skin and remaining fully functional. Additional efforts have facilitated the
on-site conditioning of these flexible magneto electronic circuits, opening the door
for higher circuit complexity and integration. 186
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Figure 2.13: Interactive devices based on magnetic fields. (a) The 3space
Isotrak, an electromagnetic tracker used as a three-dimensional joint simulator for
kinesiology. 166 (b) Magnetic tracking using pulsed DC magnetic field and a dynamic
reference frame (DRF) sensor for head-tracking during operation. The DRF sen-
sor is shown on the head of the subject and the magnetic source is depicted as
a separate unit labeled b. 187 (c) The trakSTAR system by Ascension Technology
Coorporation. This device tracks motion using a combination of sensors and an
electromagnetic source. 188 (d) Polhemus finger tracking demonstration. The gen-
eral operating principle is the same as for trakSTAR device in (c). (e) First high
performance GMR sensors on flexible substrates by Chen et al.. 179 (f) An interac-
tive postcard using printable GMR sensors developed by Karnaushenko et al.. 183
(g) Freestanding flexible Hall sensor for applications in wearable (h) interactive de-
vices. 16 (i)-(j) Interactive devices based on imperceptible magnetoelectronic sensors
which seamlessly attach to a finger or a hand palm to enable magnetic cognition. 17
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Fabrication and characterization
techniques
This chapter discusses the main tools and processes required to manufacture and
characterize magnetosensitive e-skins. The following sections are organized in a
sequential manner to describe the typical fabrication workflow: device design, pho-
tolithography, thin film deposition and characterization of device properties.
3.1 Device design
The fabrication process always starts in the mind of the designer, who must find a
way to satisfy the functional requirements of the device to be created. Designing a
working prototype is part of a constant refinement process which can involve several
iterations. Therefore, before committing to any computational drawing tools, it is
important to start by sketching the design on a piece of paper. This approach greatly
simplifies the search for fundamental mistakes and enhances the creative process.
It is here that parameters like materials, dimensions and interconnections must be
carefully thought through to avoid redesign issues later. Once a consistent design is
selected, it can be transferred to a computational drawing. The most common tools
for advanced computational drawing are grouped under the umbrella of computer-
aided design (CAD) software. This kind of software allows the user to create and
debug complex 2D and 3D patterns with relative ease. In this work we have used
CAD tools like QCAD and AutoCAD to design the 2D structures required for my
designs. The typical procedure involves creating polygon-based shapes within the
software (Fig 3.1, left)), which represent the regions where a specific material will be
deposited or not during the ensuing photolithography (Fig 3.1, center). An output
file containing this information is then exported to a laser writing system which
creates a photolithographic mask or directly writes the pattern. At the end of the
photolithographic process, the vision which started in the mind of the designer is
translated into a patterned material on a substrate (Fig 3.1, right).
3.2 Photolithography
One of the most important techniques utilized in this work is photolithography, the
workhorse of the microfabrication industry. As its name indicates, this technique
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Figure 3.1: From conceptual design to device fabrication. A polygon-based
CAD design is converted into a physical pattern by means of photolithography.
uses light (photo) to transfer patterns from a master design onto a substrate, just
like conventional lithography does. However, because it uses light, its resolution is
substantially improved with respect to non-optical lithography, as the resolving limit
is mainly determined by the wavelength l of the light used. Due of this fact, most
photolithographic systems use light sources with the smallest possible l, usually in
the UV region of the spectrum.
3.2.1 General process
To start the photolithographic process, a photosensitive polymer resin, called pho-
toresist, must be evenly spread or coated on the substrate. One of the most com-
mon and well stablished methods to achieve this is spin-coating, which we used all
throughout this work. This method is carried out in a spin-coater, where the sample
is vacuum fixed to a holder. Then, after applying the photoresist on the sample,
the coater rotates the sample and the photoresist is spread by action of the inertia
opposing the centripetal force (fig 3.2 (a)). The main characteristic of the photore-
sist is that it becomes soluble or insoluble (in a specific solvent called developer)
upon illumination. If the photoresist becomes soluble with light, it is said to be
positive tone, on the contrary, if it becomes insoluble it is negative tone (fig 3.2 (b)).
This property turns the photoresist into an excellent tool for selectively covering
portions of the substrate and allowing for the formation of patterns. Positive pho-
toresists are usually more intuitive to use however, where very precise lift-off process
are required, the negative ones excel due to th In this work, we have mainly used
positive photoresists like the AR-P 3510 (Allresist GmbH, Germany) and the S1813
(Dow Electronic Materials, USA), due to their availability and ease of use. Also,
when higher lift-off precision was required, an image reversal photoresist (AZ5214E,
Microchemicals) was used. Due to its inversion capabilities, it ultimately behaves
like a negative photoresist, resulting in sharp undercuts which ease lift-off. Once the
coating is completed, a pre-exposure bake ensues to dry the still wet content of the
photoresist and leave the sample ready for light exposure.
The illumination process is usually performed with mercury lamps, as their spec-
tral lines coincide around the UV region of the spectrum where more photoresists
operate (365-436 nm). These lamps are usually integrated in mask alignment sys-
tems which allow the user to very precisely align a reflective mask over the target
substrate. The mask contains the master design created by the CAD software and
is manufactured by etching patterns on a chromium coated glass. Alternatively,
the substrate can be directly illuminated without the need for a mask, an approach
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Figure 3.2: Photolithographic process. (a) Spin coating working principle (b)
Workflow of the photolithographic process. The schematic shows the two possible
structure outcomes when using a positive or negative photoresist and how it affects
the pattern of the deposited material on the substrate.
known as direct laser writing (Fig. 3.3(a)). Both these approaches have been used
throughout this thesis, but direct laser writing has been mostly preferred due to its
prototyping versatility. The main advantage of using a maskless technique is that
several different designs can be tried without having to manufacture a mask for each
trial, thus saving in costs and time. The direct laser patterning in this document has
been carried out in a DWL 66FS laser lithography system (Heidelberg Instruments,
Germany). This device uses a 405 nm laser which is spatially oriented along its
main axes of motion by an acousto-optic modulator (AOM) and deflector (AOD)
set. Complementary parts like a micro, micro cameras and an interferometrically
positioned stage allow extremely precise alignment and positioning of the sample
during writing (Fig. 3.3(b)).
Figure 3.3: Laser writing process. (a) Photograph of the DWL 66 direct laser
writer using during this thesis. Image taken from the DWL66FS User Guide Part
1. (b) Schematic describing the internal workings of the DWL 66.
After the illumination is completed, the samples are submerged in a developer so-
lution, which washes away the still soluble parts of the photoresist to reveal the
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pattern. The developer usually consists of a hydroxide (OH-) containing solution
which removes the unwanted parts but doesn’t attack the patterns on the photore-
sist. Following the development process, the samples are thoroughly rinsed with
deionized water until the photoresist remnants are removed. Finally, the samples
are blow dried and they are taken for thin film deposition (see next section). Af-
ter the thin film deposition is completed, the photoresist underneath the deposited
material is removed in a process called lift-off. During this process, the samples are
submerged in a strong organic solvent, like acetone or dimethylacetamide (DMAc),
which removes the photoresist together with the unwanted parts of the thin film.
The remaining parts of the thin film constitute the desired pattern according to the
initial design. Next, the samples are rinsed with isopropanol and dried to complete
the photolithographic process and get ready for additional photolithographic steps
or characterization.
3.2.2 Considerations for ultra-thin substrates
A key aspect of the photolithography performed in this thesis is that all the processes
mentioned above must be completed on extremely thin foils (1-10 µm in thickness).
The main difficulty with these substrates is their tendency to wrinkle, stick to sur-
faces and fly away due to their malleable and lightweight nature. This unwanted
behavior makes it hard to process them on a flat state, something which is crucial
for photolithography. Therefore, during this thesis we have employed the following
strategies to try to circumvent these limitations: adhesion-based processing, sacrifi-
cial layer-based processing and expansion compensated mask design.
Adhesion-based processing
This approach starts with a rigid substrate like glass or a silicon wafer and uses an
intermediary adhesion layer to stick the foil on top (Fig. 3.4(a)). The most straight-
forward way is to use the capillary force of water as adhesion promoter. In this case,
some drops of water are dispensed on the substrate and the foil is placed on top
of them. Subsequently, the foil is pushed against the substrate using pressurized
air to eliminate all excess of water underneath. As soon as the water dries, the foil
on the substrate can be processed as described in the previous section. The main
drawback of this approach is that it is only stable if the substrate is larger than the
foil, otherwise the corners of the foil will be prone to delamination. The reason for
this is that if the substrate is larger, the photoresist goes over the corners of the
foil and enhances adhesion and edge protection during photolithography. Also, this
method does not produce a very flat surface, especially if the sample size is larger
than 2 x 2 cm2.
Another adhesion-based strategy is to use an elastomeric adhesive like PDMS to fix
the foil on the substrate (fig 3.4(b)). In this case, the PDMS layer is spin-coated
and cured on the substrate, which allows the corresponding foil to stick by means
of Van der Waals forces. An important part of this process is to pre-stretch the foil
before adhering it, so that the final surface is as flat as possible for photolithography.
This can be accomplished by using a bi-axial stretching setup or frame where the
flatness and tension on the foil can be tuned at will. Once the foil is pre-streched,
it can be brought into contact with the PDMS covered substrate, ensuring a mostly
flat substrate.
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Figure 3.4: Processing of ultrathin polymer films by adhesion layers. (a)
Schematic of the water mediated adhesion approach. (b) Schematic of the PDMS
mediated adhesion approach.
Sacrificial layer-based processing
An alternative to adhesion-based strategies is to use a sacrificial layer for releasing
the processed foil at the end of the photolithography. This approach is more robust
fabrication-wise, but it is substantially more complex than the ones mentioned above
as it involves additional spin-coating and removal steps. A summary of the typical
workflow is depicted on Fig. 3.5. The most important elements required are: a
sacrificial layer which is resistant to all the chemicals used during photolithography,
and a polymer resin which can be spin-coated and cured to form a chemically stable
foil.
Figure 3.5: Sacrificial layer processing of ultrathin polymer films. Processing
steps required to obtain a freestanding PI-2545 based sensor.
In this thesis, a method presented by Linder et al. 189 has been adapted in collab-
oration with Dr. Jin Ge to achieve better functionality. The original method used
polyacrylic acid (PAA) crosslinked with calcium Chloride (CaCl2) as a sacrificial
layer. The working principle here is that when PAA binds with the Ca- ions, it be-
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comes water insoluble and not easily attacked by the photolithographical chemicals.
However, upon contact with a sodium chloride (NaCl) solution, the higher affinity of
the Na- ions renders the PAA water soluble again. This property is used to establish
a steady and reversibly soluble sacrificial layer. For this work, we have used alginic
acid instead of PAA, as we have observed that PAA tends to harden very fast and
doesn’t yield a flat surface. Alginic acid in contrast gives an excellent surface finish
while keeping the desired properties mentioned above. As a polymer resin to form
a chemically stable foil we have used PI-2545 (Dupont, USA), a versatile polyimide
(PI) which is thermally and chemically stable after curing at 200°C. Once cured, the
PI coated substrates were processed as in conventional photolithography. Finally,
to ensure the integrity of the thin film layers after photolithography, the resulting
devices were coated with an additional layer of PI to prevent the NaCl removal
solution from etching the metallic thin films.
Figure 3.6: Expansion correction of photolithographic masks. (a) Initial
arrangement of the sensor elements on the mask. (b) Optical micrograph of the
observed result after using the mask in (a). The pattern is misaligned with respect
to the underlying layer (dotted lines). (c) Schematic of the corrected mask. The
sensor elements are now placed close to the center and expansion aligned to minimize
distortion. (d) Optical micrograph after using the corrected mask. The skewed
structures on top are aligned with the layer underneath (dotted lines). Scale bars
in (b) and (d) are 50 µm.
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Expansion compensated mask design
Another problem which frequently arises when dealing with flexible polymer films
is the unavoidable enlargement of the substrate due to many environmental factors.
This phenomenon has been identified before 190 and its causes are usually related
with thermal expansion and solvent swelling conditions experienced by the polymers
during processing. Such issues severely complicate the layer-to-layer alignment pro-
cess during photolithography, especially for feature sizes in the low µm and below.
During the fabrication of geomagnetic e-skins (see chapter 5), this alignment be-
came crucial for aligning the 10 µm wide structures, which would have otherwise
not worked as intended. Therefore, the dimensions and configuration of the mask
designs used for fabrication had to be modified to compensate for substrate ex-
pansion. First attempts without compensation resulted in severely misaligned and
correspondingly non-functional structures influenced by a radial expansion pattern
(Fig. 3.6(a) and (b)). These problems were subsequently resolved by increasing
the length of the feature in the direction of greatest expansion and by orienting the
structures along the expansion gradient (Fig. 3.6(c) and (d)).
3.3 Thin film deposition
The main goal of photolithographic processes is to define patterned layers of func-
tional materials like metals, oxides or semiconductors on a substrate. Therefore, it is
crucial to have a method to grow these layers (also called thin films) in a controlled
manner. The most common ways to achieve this involve either electrochemistry to
grow films in solution or vapor deposition to produce films from the vapor phase. In
this work, we have used vapor deposition techniques, particularly physical vapor de-
position (PVD) processes, as they were readily available and yield high purity films.
The two PVD growth methods we utilized were magnetron sputter and e-beam
deposition.
3.3.1 Magnetron sputter deposition
In this method, the substrate to be coated is placed in a vacuum chamber, opposite
to a target (the material to be deposited). Next, an inert gas like argon is allowed
in the chamber to serve as seed for the sputtering process. As in conventional
sputter deposition, the target and the substrate are subjected to opposite electric
potentials in the range of hundreds of volts, thus ionizing the incoming gas. However,
in this case, magnets near the target encourage the argon ions to mostly collide
with the target and release atoms into the chamber. Due to the presence of both
electric and magnetic fields, the electrons are forced to travel in spirals (as in a
magnetron), significantly increasing the ionization and collision rate near the target.
As the gas ions are more massive, they are not as affected by the magnetic trap and
directly collide with the substrate, thus sputtering the target atoms. Because of
these modifications, the deposition rates of this technique are superior (at the same
process pressure) compared with DC or RF sputtering. Finally, the atoms ejected
from the target by the highly energetic ions start forming a thin film on the opposing
substrate (Fig. 3.7(a)). The properties of the ensuing film can be controlled by
tuning the vacuum level and deposition time.
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Figure 3.7: Thin film deposition methods. Schematics describing the magnetron
sputtering (a) and e-beam evaporation (b) processes.
3.3.2 E-beam evaporation
This method uses a different working principle to deposit materials on substrates,
as it relies on the evaporation of the “target” material. Very frequently the substrate
is placed upside down at the top of the chamber, so that the evaporated material
conveniently coats it. In this case, instead of a magnetron to trigger the process,
an electron beam is focused on an ingot of the target material inside a crucible.
The increased electron flow heats the material, causes it to melt and eventually
sublimate, thus producing a vapor which later condensates on the substrate (Fig 3.7
(b)). The evaporation rate can thus be controlled by modifying the intensity of the
electron beam current as well as its position and alignment.
3.4 Characterization of device properties
After concluding the fabrication process described in previous sections, it is neces-
sary to verify the functionality of the devices which have been produced. As the
devices presented in this work behave as flexible magnetic and thermal sensors,
their functionality will be defined by their magnetoresistive, mechanical and ther-
mal properties. In the following subsections, we introduce the setups and techniques
used to characterize such properties.
3.4.1 Magnetoresistive characterization
Most of the devices presented in this document are comprise magnetosensitive layers
which detect magnetic fields by means of resistance changes. Therefore, measuring
electrical properties in the presence of magnetic fields is one of the key character-
ization aspects of this study. As the operational range of the devices studied is
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very broad, the setups presented below are classified according to the magnetic field
strength they address.
High magnetic field strength setup
This setup is capable of testing devices which operate in magnetic field ranges of up
to 600 mT such as Hall effect or GMR-based sensors. It consists of an electromagnet
formed a yoke and two iron pole pieces used to concentrate the field inside the
probing area (Fig. 3.8 (a)). The samples are connected by means of a clamping
adapter with retractable gold pins, which presses upon the contact pads on the
sample (Fig. 3.8(b) and (c)). This adapter is coupled in turn to a NI-6211 (National
Instruments, USA) data acquisition box which captures the measured resistance data
and generates the control signals for the electromagnet. These signals drive a pair
of bipolar BOP power supplies (Kepco, USA), which correspondingly provide the
power to regulate the magnetic field of the electromagnet. The data collection is
done by an in-house LabVIEW program which can perform magnetic field sweeps
while simultaneously measuring the resistance of the sample.
Figure 3.8: Setups for magnetoresistive characterization. (a) High field char-
acterization setup (b) Sample holder for adapting and measuring the samples (c)
Contact scheme on the sample. Four spring pins allow for four-point probing. (d)
Low field characterization setup. The helmoltz coil generates a well-defined and
uniform magnetic field all round the volume of the sample.
Low magnetic field strength setup
When characterizing magnetosensitive devices which operate at small fields (< 5
mT), iron core electromagnets have too high remanence and can introduce unwanted
offsets while measuring. Hence, we have designed and built a characterization setup
based on a Helmholtz coil to measure devices operating in this range (fig 3.8 (d)).
The main advantages of this kind of coil are the uniformity, precision and pre-
dictability of the field generated. The coil is powered by a B2902A Source Measure
Unit (Keysight technologies, USA) and the sample measurements are carried out by
45
CHAPTER 3
a Keysight 34461A (Keysight technologies, USA) tabletop multimeter. The sam-
ples are fixed on a 3D printed plastic holder and contacted with G3303B silver paste
(Plano GmbH, Germany) to a cable adapter going to the measuring instruments (fig
3.8 (d)). Prior to all measurements, the magnetic field inside the coils is measured
with a HG09 gaussmeter (Goudsmith Magnetic Systems, Netherlands) for different
coil currents to derive a calibration curve. The calibration curve provides a refer-
ence to determine the strength of the applied magnetic field. In a similar fashion as
for the setup above, a LabVIEW program controls the hardware and acquires the
measurement data.
3.4.2 Mechanical characterization
Due to the flexible and soft nature of the devices presented in this work, it is critical
to understand how the device performance is affected by bending or deformations.
In this subsection we present the most prominent tests to address this question.
Static bending tests
In these tests, the samples were measured while being fixed on sample holders with
different curvature radii (50 µm – 10 mm in this work). Curvature radii larger
than 1 mm were easily achieved with 3D printed plastic holders (Fig. 3.9 (a)) but
smaller radii required a custom-made setup based on Si wafer pieces. Two pieces
were glued on top of a larger one and a 50 µm diameter enameled copper wire was
suspended and fixed between the two support pieces (Fig. 3.9 (b)). The sample to be
investigated wass then curved around the wire and stuck onto the underlying wafer
with double-sided scotch tape. By adjusting the height of the support pieces and the
sticking angle on the tape, a variety of very small curvature radii could be achieved.
This specific setup was mostly used for SEM imaging as measurements under this
configuration are not straightforward. For larger curvature radii, the resistance was
acquired as a function of the curvature radius of the sample to determine when
and if the device fails due to deformation. In addition, for magnetic sensors the
magnetoresisitive response was measured at each bending condition.
Cyclic bending tests
In addition to determining the effects of curvature in device performance, it is im-
portant to know the endurance of the devices when repeatedly deformed. For this
purpose, we have devised an experimental setup for cyclically bending the samples
under test. The setup is based on a motorized stage which uses the tray mechanism
of a standard optical disk drive, controlled by a NEMA 14 stepper motor (Eckstein,
Germany), to precisely bend the samples (Fig. 3.9 (c)). One end of the samples is
fixed to the frame of the drive and the other end is attached to the moving tray, so
that it cycles back and forth, thereby bending the samples under measurement (Fig.
3.9 (d)). To measure resistance, the samples can be contacted directly with silver
paste and copper wires or alternatively with an FFC (Flexible Flat Cable) adapter.
The cyclic bending and measurement of the resistance of the samples is done by a
custom-made LabVIEW program.
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Figure 3.9: Mechanical characterization tools. (a) Curved sample holders for
static measurements. The scale bar is 3 mm long. (b) Bending setup for sub-mm
curvature radii. (c) Motorized cyclic bending stage. The moving tray cycles back
and forth to repeatedly bend the sample (area in red). (d) Zoomed image of the
sample under bending. Scale bar is 5 mm.
3.4.3 Morphological characterization
Determining the electric response of the fabricated devices can diagnose failure but
it does not provide a clear picture of the underlying mechanism which produces it.
Hence, it is necessary to image the regions of interest to find out whether breakage,
delamination or similar issues have occurred. To do so, morphological information
like layer thickness, structure size and shape must be extracted. The methods used
to this end in this work are optical microscopy, electron microscopy and focused ion
beam cross-sectional cuts.
Optical microscopy
This well-established technique is used to quickly determine the quality of the fabri-
cation during the lithographical process and after the mechanical bending tests. Dur-
ing lithography, it serves as a verification and documentation tool to troubleshoot
the process. Later, after the devices are bent or deformed, it can provide informa-
tion about very notorious cracks or wrinkling which might arise. However, if their
morphology and size is hard to distinguish, we analyze the sample in depth with
electron microscopy. In this work we have mainly used an Olympus BX51 light
microscope for overview characterization of the samples.
Scanning electron microscopy (SEM)
The main advantage of SEM over optical microscopy is that it uses electrons instead
of light to image. As electrons have a 4 orders of magnitude smaller de Broglie
wavelength than light, their diffraction limit is also smaller, meaning that they can
be used to resolve finer structural details. This technique scans a beam of electrons
over the sample to create an image by collecting different kinds of electrons which
are emitted from the sample. For imaging purposes, the most important ones are
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the secondary electrons, which are coming from very close to the sample surface.
If the sample is conductive, imaging is relatively straightforward as there will be
a path for charge to flow towards ground (usually coupled to the sample holder).
However, if the samples are non-conductive, charge build-up occurs at the surface,
which severely hinders image acquisition. Therefore, non-conductive samples like
the polymer-based devices in this work must be sputter coated with a thin metallic
layer (5 nm), typically consisting of chromium (Cr) or carbon (C). The imaging
setup used in this thesis is a Zeiss NVision 40 which combines SEM capabilities
with a focused ion beam tool for cross-sectional cuts.
Focused ion beam (FIB)
This method utilizes focused beams of ions to probe (low beam currents) or mill
(high beam currents) into a sample. The ions typically used for most applications
are gallium ions due to their low melting temperature (30°C), low vapor pressure
and reasonable wetting of tungsten needles. 191 In this thesis, the FIB tool is used for
milling purposes to obtain cross-sectional cuts of the fabricated devices. First, the
ion beam carves a cavity at the region where the device needs to be studied. Here,
the walls of the cavity reveal a cross-sectional cut, which shows a snapshot of how
the layers constituting the device are arranged. Then, the imaging plane is corrected
to be parallel to the plane of the cut, so that very precise measurements of layer
thickness and continuity can be performed. This information is key to determine
how the integrity of the devices changes upon bending as it can easily diagnose
delamination or rupture of any functional layer.
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Magnetosensitive e-skins with
directional perception
4.1 Introduction
Previous examples of magnetosensitive e-skins behaved as interactive proximity sens-
ing devices, such as touchless gauges 17 and mapping platforms, 16 based on sha-
peable magnetoelectronics. 18 However, all these e-skins could not reliably perceive
the spatial orientation of incident magnetic fields, an aspect which so far limited their
interaction possibilities. Typically, human-computer and human-device interactions
rely on buttons and dials which respectively select and regulate variables within
the user interface. Buttons can be likened to the point-like functionality offered by
previous magnetosensitive e-skins, yet, to emulate dials it is crucial to harness the
directional nature of magnetic fields. Adding this new layer of interaction requires
precise and stable access to the angular components of magnetic fields. Though
magnetoresistive sensors can detect angular variations by nature, not all of them
are suited to work as steady angle sensors. AMR sensors provide small (1 - 3%) MR
effects and their angular dependence is square sinusoidal, which limits their angular
discrimination to only 180°[ 112, 192]. Conventional GMR multilayers display a 360°
range but their isotropy and lack of a constant resistance operating range does not al-
low repeatable angle detection. Tunnel magnetoresistance (TMR) devices offer MR
effects in the range of 100 - 600% 193 but upon growing them on flexible polymers,
their performance usually decreases. 194,195 Recent efforts have boosted their perfor-
mance as flexible sensors, 193 but they utilize thinned silicon substrates which are
not compliant enough for e-skin applications. Furthermore, TMR requires usually
non-ductile isolators and a current out of plane fabrication geometry, which compli-
cates their integration in flexible applications. On the other hand, spin-valve sensors
combine the ease of integration of GMR systems with a constant resistance operat-
ing range, which renders them an ideal option for flexible angle sensors. 112 However,
to optimally detect the x and y components of an external magnetic field, 8 spin-
valve sensors must be combined in two perpendicular Wheatstone bridges. 112,196
Arranging them in this configuration allows to maximize their signal output and
thermal properties. The main challenge arises because of the anisotropic nature of
spin-valves, which means that each of them must be placed with a specific magne-
tization direction. Achieving this feat is especially hard for conventional fabrication
as either several material deposition rounds or high precision local annealing would
49
CHAPTER 4
be required. There have been reports of spin-valve angle sensors fabricated via local
laser annealing, 196 yet, this fabrication method is not easily adapted for ultrathin
e-skins. In this chapter, we introduce an alternative fabrication method which com-
bines thin film and transfer printing technologies to overcome these manufacturing
challenges. The method is applied to assemble 2D angular magnetic sensors and ul-
timately enable magnetosensitive e-skins with directional perception. These devices
operate at low power in conjunction with permanent magnets that do not require
energy for operation. Possible upcoming applications range from navigation, mo-
tion tracking in robotics, regenerative medicine, sports and gaming to interaction in
supplemented reality (Fig. 4.1 (a)). In the latter scenario, the e-skin would monitor
body motion of, e.g. a hand when it is rotated with respect to the direction of the
external magnetic field (Fig. 4.1 (b) and (c)). Then, the angular position of the
hand would be digitized and applied to interact in a touchless way with objects in
virtual or augmented reality. Towards the end of this chapter, we demonstrate two
application examples of magnetically driven augmented reality systems; a virtual
knob for continuous control and a virtual dial pad for discrete encoding.
Figure 4.1: Touchless manipulation of objects based on the interaction
with magnetic fields. (a) Concept of touchless manipulation of an object on a
(wearable or virtual) screen by moving a hand. (b) and (c) An on-skin magnetic
field sensor is applied to a palm of the hand. Its angular position with respect to the
direction of the external magnetic field is monitored and is used to reconstruct the
spatial position of the hand. This information can be used to display the position
of the hand in a virtual reality scene or/and to enable interaction with objects in
virtual or augmented reality.This figure is adapted from. 40
4.2 Fabrication process
There are many spin-valve configurations which can be used for magnetic field de-
tection, all consisting of antiferromagnetic, pinning, free and spacing layers (chapter
2). In this work we have selected a layer stack which was previously optimized to
yield excellent linearity, low hysteresis and high GMR performance. 181 The stack
comprises a [Py/CoFe]/Cu/[CoFe/Py]/IrMn heterostructure, with IrMn acting as
an antiferromagnet pinning the magnetization of the reference [CoFe/Py] bilayer
adjacent to it due to exchange bias (EB). 197 The free layer [Py/CoFe] separated by
a Cu spacer acts as the sensor layer. These structures are integrated in Wheatstone
bridges with orthogonal sensitivity axes to realize entirely flexible 2D magnetic field
sensors. The fabrication process was split in two main tasks: sensor chip production
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and contact patterning; both sharing the same glass-sacrificial layer-polyimide base
stack. To establish the stack, 22 x 22 mm2 (VWR International) glasses were left in
an aqueous 2 % Alconox (Alconox Inc., USA) detergent solution for 2 h to promote
hydrophilicity on their surface. PAA (Polysciences, Inc.) was spin coated on the
glasses at 3000 rpm for 30 s, dried at 60°C for 5 min and subsequently crosslinked
by rapid dipping in a 2M CaCl2 solution, to create a sacrificial layer (Fig. 4.2
(a)). In parallel, a polyamic acid solution (precursor for the polyimide foils) was
synthesized as described in. 198,199 In a nutshell: 3,3’,4,4’-biphenyltetracarboxylic di-
anhydride was reacted with 4,4’ – Diaminodiphenylmethane in DMAc, modified with
dimethylaminoethyl methacrylate and photosensitized using 2% (wt/wt) 2-benzyl-2-
(dimethylamino)-4-morpholinobutyrophenone (Sigma-Aldrich LLC). The synthesis
occurred by dissolution of 9.93 g of 3,3’-diaminodiphenylsulfone in 20 ml of DMAc
with the subsequent addition of 12.8 g of 3,3’,4,4’-biphenyltetracarboxylic dianhy-
dride. After mixing for 12 h at 70°C, a solution of polyamic acid in DMAc was
obtained. The solution was modified by reaction with 12.5 g of dimethylaminoethyl
methacrylate to render the mixture photosensitive. The polyamic acid solution was
spin-coated on the sacrificial layer at 3000 rpm for 40 s with a previous acceleration
step of 5 s up to 500 rpm. The polymer coated glasses were then heated up at 200°C
for 10 min under N2 to imidize and thereby form a stable polyimide film (Fig. 4.2
(b)). The final film thickness under these conditions was measured to be 1.7 µm by
means of profilometry.
Figure 4.2: Fabrication of spin-valve sensor chips.(a) A glass slide is covered
with modified polyacrylic acid (PAA) followed by an ultrathin polyimide coating
(b). (c) Spin-valve meander sensors are photolithographically patterned over the
polyimide and covered with an additional layer of photoresist (d). (e) Standard
dicing tape is stuck to the photoresist to serve as transfer support. (f) The PAA
sacrificial layer is removed in an aqueous solution of DTPA. (g) The resulting tape
hosting the sensor stack is cut in small chips ready to be transferred. This figure is
adapted from. 40
On top of the resulting film, meander sensor chips consisting of a magnetron sputter
deposited multilayer spin-valve stack of [Ta(5 nm) / Py(4 nm) / CoFe(1 nm) /
Cu(2.4 nm) / CoFe(1 nm) / Py(4 nm) / IrMn(8 nm) / Ta(2 nm)] (base pressure:
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3  10 7 mbar; Ar sputter pressure: 7:5  10 3 mbar; deposition rate: 1 - 2 Å/s
depending on the material (36)) were patterned by photolithography (Fig. 4.2 (c)).
The spin-valve meanders were prepared an extended array in a single deposition
run (17 x 6 sensing devices; total: 102 spin-valves) to facilitate the fabrication and
ensure device uniformity. Two permanent magnets were mounted on the sample
holder to define the exchange bias direction of the sensors. The resulting spin-valve
arrays were covered with AR-P 3510 photoresist by spin coating (3000 rpm for 35 s
following by 5 min drying at 50°C)( Fig. 4.2 (d)). Next, standard blue dicing tape
was laminated on the stack to aid as a support during further steps of the transfer
process (Fig. 4.2 (e)). The final stack was left in an aqueous solution of DTPA until
the PAA was fully dissolved and the remaining part of the stack released from the
glass (Fig. 4.2 (f)). The free standing tape containing the sensors was blade cut into
single spin-valve sensor chips (Fig. 4.2 (g)) which were then transferred to another
foil hosting the patterned contacts. The contacts were manufactured on another
set of glasses accommodating the same base stack described before. Conventional
lift-off photolithography (AR-P 3510 photoresist, 3500 rpm, 35 s) was performed to
pattern [Ta(5 nm) / Au(100 nm)] contacts on top of the base stack (Fig. 4.3 (a)).
Contact deposition was carried out by magnetron sputtering at room temperature
(base pressure: 5  10 7 mbar; Ar sputter pressure: 1  10 3 mbar; deposition rate:
0.41 Å/s for Ta and 1.5 Å/s for Au). The contacts were designed with 8 empty
regions to later fit the single spin-valve chips in between the different branches of
the bridge.
Figure 4.3: Assembly of a 2D magnetosensitive e-skin.(a) Standard lithogra-
phy is used to pattern the contacts and main structure of the e-skin. (b) Polyamic
acid droplets are dropcasted on the corresponding transfer spots of the chips. (c)
The chips are placed on the droplets and press bonded at 140°C using a weight.
(d) After the chips are secured in place, the photoresist is removed in acetone to
expose the meander sensors. (e) The meanders are electrically contacted to the
underlying layout from (a) and encapsulated with PDMS. Subsequent immersion in
water or a saline solution detaches the stack from the glass to yield a freestanding
magnetosensitive e-skin (f). This figure is adapted from. 40
The transfer of the spin-valve chips to the contacts was done by drop casting liquid
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polyamic acid on each of the predetermined spots for the sensors (Fig. 4.3 (b)).
Then, the sensors were carefully placed on the droplets and aligned to fit their
corresponding magnetization and position within the Wheatstone bridge design.
Afterwards, the contacts plus sensor where placed in between two flat glasses and
pressed with a 500 g weight for 5 min at 50°C to evaporate the solvent from the
liquid polymer. Following this pre-heating, the samples were further pressed in the
same way but at 140°C for 10 min to imidize the bonding polymer droplets (Fig. 4.3
(c)). The resulting sensor was let to cool down and then placed in acetone for 2 min
to remove the photoresist and delaminate the dicing tape, leaving a fully bonded
sensor (Fig. 4.3 (d)). After bonding, the spin-valves were electrically contacted
with G3303B silver paste (Plano GmbH, Germany) to the underlying contacts. The
output regions of the contacts were subsequently covered with dicing tape and a
5-µm-thick encapsulation layer of PDMS was spin coated on top (6000 rpm, 5 min).
Finally, the finished sensor was let dry for 24 h at room temperature to cure PDMS
and complete the elaboration process. A final immersion of the device in aqueous
solution of DTPA allows it to be released from the rigid glass support (Fig. 4.3 (e))
To achieve its freestanding state (Fig. 4.3 (f) and 4.4 (a)).
4.3 Mechanical characterization and peformance
After release, the high mechanical compliance of these slim sensors allows them to
intimately conform to curvature radii below 1 mm. Examples of this remarkable
behavior can be seen in figures 4.4 (b) and (c), where they seamlessly attach to a
human hair (50 µm curvature diameter) and a doctor blade (10 µm curvature diam-
eter), respectively. This extreme performance is mediated by the ultrathin nature
of their design. Even these extreme bending trials do not impair the GMR perfor-
mance of our sensors and no signs of degradation of the metal films, e.g. cracks or
layer stack delamination, are observed. This remarkable mechanical performance
enables the sensor to be readily applied as on-skin electronics with magnetic func-
tionality (Fig. 4.4 (d) and (e)). An SEM investigation of the sample cross-section
(prepared via FIB etching through the layer stack) reveals that the metal layer is
firmly attached to the polymer and follows the surface morphology (Fig. 4.4 (f)).
We note that for the FIB/SEM characterization the samples are capped with a
5 nm thick Cr layer to avoid charging. There are no cracks in the spin-valve or
delaminated regions observed when investigated at different locations of the sample.
We note that bonding of the sensor chips on 1.7-µm-thick foil to the extended 1.7-
µm-thick supporting foil results in a perfectly homogeneous polymeric layer with
a total thickness of about 3.5 µm at the sensor location. There is no boundary
between the two foils visible in the SEM image, which is crucial to assure mechanical
integrity of the entirely flexible device. Repeatedly bending the spin-valve sensors
during on-skin operation does not hinder their performance during magnetoresistive
measurements on the middle joint of a finger (Fig 4.5). This plot depicts to the time
evolution of the resistance recorded during our experiments. In the absence of an
external magnetic field, a repeated movement of the finger does not alter the sensor
response (Fig. 4.5 (a)). Signal change is observed only when the functional element
is exposed to a magnetic field, e.g. of a permanent magnet. When the magnet is
aligned with the low sensitivity of the device the resistance is variation prone and
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the sensitivity is limited (Fig. 4.5 (b)). By contrast, approaching the sensor from
the high sensitivity axis yields a stable signal with high sensitivity and a GMR effect
of about 4% (Fig. 4.5 (c)).
Figure 4.4: Compliance characterization of the 2D magnetosensitive e-
skin.(a) Optical microscopy image of a 2D sensor containing twoWheatstone bridges
accommodating in total 8x spin-valves properly arranged with respect to their ex-
change bias direction. An individual spin-valve element can compliantly cover a
hair (diameter: 50 µm) or a doctor blade (diameter: 10 µm) as shown in panels (b)
and (c), respectively. (d and e) Photographs of the entire 2D sensor conveniently
placed on skin. (f) An SEM image of the sample cross-section reveals the complete
layer stack consisting of a novel polyimide foil covered with a firmly attached 27 nm
thick sensing layer, which follows the surface morphology. The total thickness of the
polymer is about 3.5 µm, including two bonded 1.7-µm-thick foils. The resulting
polymeric layer is perfectly homogeneous, and the bonding plane cannot be resolved.
This figure is adapted from. 40
To analyze the stability of the devices upon bending and the adhesion properties of
the metal films to the polymeric support we carried out several cuts using FIB at
different locations over the sample. No signs of delamination of the metal layer from
the polymer were found. Furthermore, we studied the mechanical integrity of our
devices upon bending into radii below 100 µm. To achieve these small bending radii,
we laminated our flexible devices onto a pre-stretched very high bonding (VHB)
elastomer, inducing wrinkling of the sensor upon strain relaxation of the elastomer.
In this way, we achieved sub-10 µm bending radii. The wrinkled structures were
studied using SEM following FIB cutting of the samples. Even when bending down
to radii of about 30 µm, the film remained intact (Fig. 4.6(a)-(c)). If the radius
of curvature reaches below 10 µm, we could occasionally identify cracks in the film
(Fig. 4.6(d) and (e)). These noteworthy results are attributed to the enhanced
mechanical performance arising from the reduced thickness of the substrate.
By using an ultrathin (1.7-µm-thick) substrate, the strain in the metallic spin-valve
film is greatly reduced. This directly follows from analytical mechanical consid-
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Figure 4.5: Functional tests of a single spin-valve sensor under mechanical
strain.A spin-valve sensor is affixed to a finger joint (inset) to monitor its response
upon on-skin bending. (a) Even upon continuous strain, the resistance of the sensor
remains stable. (b) When a permanent magnet is brought near the sensor, its
resistance changes almost 2% when approached from the low sensitivity axis of
the sensor. The fluctuations observed correspond to the motion of the permanent
magnet near the sensor. (c) When the sensor is approached from the high sensitivity
axis, the resistance change reaches the expected maximum of 4% with a stable signal.
erations for foldable film-on-foil electronics. 67 Here, the strain top in a rigid film
(Young’s modulus: Yf , thickness df ) on a softer substrate (Young’s modulus: Ys,
thickness ds) is computed when bending down to a radius R via 2.3 in chapter 2.
For the polyimide foil in this work, the corresponding parameters are Ys = 3 GPa
and ds = 3400 nm (two bonded polyimide layers with each layer being 1700 nm
thick). Furthermore, we derived the elastic module of the spin-valve layer (total
thickness: df = 27.4 nm) by its material composition to be 167 GPa (7 nm thick
Ta: YTa = 186 GPa, 8 nm thick Py: YPy = 120 GPa, 2 nm thick CoFe: YCo =
209 GPa, 2.4 nm thick Cu: YCu = 130 GPa; 8 nm thick IrMn: YMn = 209 GPa).
Using the model by 67 and considering that the film withstands bending to radii of
at least 30 µm, we estimate the strain in the layer to be at maximum 4%. This
rough estimate is already near the fracture strain even for Cu. Other relaxation
mechanisms, e.g. reducing the film area due to patterning and edge roughness are
considered to further reduce the strain in the metal film.We note that increasing the
thickness of the polyimide substrate to that of a thin commercial foil (25 µm) will
increase the resulting strain up to 40%, values that would result in cracking of the
metallic film. These estimations further corroborate the importance of reducing the
substrate thickness to improve the overall mechanical performance of the sensors.
Practical applications in wearables will benefit from laminating our ultrathin sensor
foils to thin sheets of soft elastomers as strain-buffering interfaces to i.e. the human
skin. As detailed below, an approximately 75-µm-thick PDMS sheet would be suf-
ficient to place the spin-valve sensors into the neutral mechanical plane b, greatly
reducing the bending-induced strain on the metallic layers. The calculations are
based on a model presented by Jeong: 200
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b =
PN
i=1
Yidi(
Pi
j=1 dj   di2 )PN
i=1
Yidi
with Yi =
Yi
1  i2 (4.1)
Where Yi, di and i are the Young’s modulus, thickness and Poisson’s ratio of the
layer i in the stack of layers forming the sensor. b is the height from the bottom of
the stack, at which the mechanical neutral plane is found in a multilayer system.
Figure 4.6: Mechanical stability of the sensor layer stack upon bending.(a)
SEM top view image of a wrinkled spin-valve sensor. The red frame shows the
location of a FIB-cut region. The close-up of this region is shown in (b). The zoom
of the region indicated with a green frame in panel (c) is shown in (c). (d) SEM
top view image of a wrinkled spin-valve sensor. The close-up of the region indicated
with a red frame in (d) is shown in (e). Bending radii below 10 µm occasionally
induce cracking of the metal layers. This figure is adapted from. 40
The PI film and the spin-valve were considered as a single layer with a weighed
equivalent Young’s modulus Y1 = 4.31 GPa and Poisson’s ratio 1 = 0.34. PDMS
as the soft layer has Y2 = 1.84 MPa and 2 = 0.5. With these parameters, the
mechanical neutral plane b is located at about 1.7 µm from the bottom of the stack,
right where the spin-valve lies. For non-ideal situations where the spin-valve is a
distance  from the neutral plane, we would arrive at a strain of  = 
R
with R being
the curvature radius. We note that placing the sensor foil on pre-stretched VHB
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tape to form a wrinkled structure (and thus a stretchable sensor) will likewise move
the active spin-valve close to the neutral plane, as the VHB elastomer used in these
experiments has a similar Young’s modulus and a thickness in the range of 50 - 100
µm.
Another strategy to improve the strain tolerance of our sensors is to use a 1.7-µm-
thick polyimide layer as encapsulation, as the now matching Young’s moduli of the
substrate and encapsulation will place the spin-valve again in the neutral mechanical
plane and thus allow extreme flexibility without damage to the sensor layer.
4.4 Magnetoresistive performance
To gauge whether these 2D sensors remain stable even upon bending, they were
tested by placing them onto adapters with pre-defined curvature radii. Individual
GMR sensor elements were characterized at room temperature by locating them
between the pole shoes of an electromagnet. The magnetic field is applied in the
sensor plane along the exchange bias direction and the change of the electrical re-
sistance is measured as a function of the applied magnetic field. The GMR ra-
tio is defined as the magnetic field dependent change of the sample’s resistance,
R(Hext), normalized to the resistance value of the magnetically saturated sample,
Rsat : GMR(Hext) = [R(Hext)   Rsat]=Rsat. All of the manufactured spin-valves
sensor chips displayed the same exchange bias direction and revealed a GMR effect
with a magnitude of about 4% (Fig. 4.7 (a)). Bending down to a curvature of 1 mm
did not change the response of the sensing layer and the overall GMR performance
of the sensor (Fig. 4.7 (a)). Their operating range as angle sensors corresponds
to the plateau between 20 and 120 Oe, where the spin-valves present an almost
flat response (no variation of the resistance) as a function of the magnetic field.
This condition renders our devices ideal for angle sensing, as the only parameter
determining the resistance in this magnetic field range is the angle of the incident
field.
To gain access to this external field, the 2D sensors rely on a nested configuration to
connect two Wheatstone bridges. 112,196 Each of the bridges includes four spin-valve
sensors which are oppositely biased with respect to their adjacent neighbors (Fig. 4.7
(b)). This placement of the spin-valve sensor elements allows us to achieve a bipolar
output where the full signal amplitude is that of a single element. In addition, due
to the Wheatstone configuration, the temperature dependence of a single flexible
sensor is canceled out and their intrinsic output offset is removed. 186,201 The inner
bridge outputs a voltage Vcos proportional to the cosine of the angle  between the
bridge magnetization axis and the orientation of the external magnetic field (inset
in Fig. 4.7 (b)). Analogously, the outer bridge produces a voltage Vsin proportional
to the sine of . With these two output signals the angle  is readily determined via
 = tan 1 Vsin
Vcos
.
Next, we validated the angle reconstruction capabilities of our devices with irregular
external magnetic fields that would typically occur in realistic settings of a wearable
gadget. To this end, we studied the sensor response to discrete angular steps to
verify the correspondence of the measured angles with the software calculated ones.
For this experiment the sensor was fixed to the center of the sample holder and a
permanent magnet was placed at different angles along the perimeter of the holder.
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Figure 4.7: Magnetoresistive characterization of spin-valves and angle re-
construction.(a) GMR performance of an individual spin-valve sensor. The mag-
netic field is applied along the exchange bias direction. The sensor response (prop-
erties of the sensing layer, orange shaded region) does not change when the sensor
is bent down to a radius of curvature of 1 mm. An array of spin-valve sensors pre-
pared on thermally stable polyimide-based ultrathin foils is shown as an inset. The
exchange bias direction is set in the same direction for all the sensors in the array.
(b) Individual spin-valve sensors are arranged with respect to their EB direction
in two Wheatstone bridges, each containing four spin-valve sensors to constitute
a 2D magnetic field sensor. The response of the inner/outer Wheatstone bridge
(indicated in white/red) is proportional to the cosine/sine of the angle  between
the bridge magnetization axis and the orientation of the external magnetic field, H.
(c) Snapshots of the angular reconstruction experiment. A permanent magnet is
moved along the perimeter of the sample holder to provide angular input. The most
important reference angles are included as reference labels (0, 90°, 180°, 270°). The
three magnetic orientations of the frames (180°, 225° and 315°) are subsequently
reconstructed. (d) Reconstruction of the magnetic field angle. The most relevant
angles are shown as red spheres in the plot, which correspond to specific snapshots
during the experiment. (e) A permanent bar magnet is attached to the shaft of a
stepper motor to provide a constant field in the plane of the 2D sensor. The sensor
is fixed on a curved glass support suspended over the magnet such that the in-plane
field magnitude is 5 mT (50 Oe), which happens at about 9 cm spacing (f). (g)
Characterization of the 2D sensor. Voltage output signals of the inner (Vcos) and
outer (Vsin) Wheatstone bridges of the 2D sensor. The period of the signals closely
corresponds to the rotational speed set by the software (1.6 revolutions/s). There
is a phase shift of 90° between the inner and outer bridge signals, which allows the
reconstruction of the angle of the magnetic field (h). This figure is adapted from. 40
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The magnet was rotated around the sample while keeping a distance of about 2.5
cm to the sample’s center in order to provide a field of 50 Oe at each angle (Fig. 4.7
(c)). The selected angles were spaced 45° from each other starting at 0° and going
in a clockwise direction up to 180°; the last step mas measured at 150°. All of the
procedure was simultaneously captured on video. Then, the video was analyzed to
extract the angular placement of the magnet. This angle was plotted against the
measured angle to determine their resemblance. The data from these measurements
revealed good correspondence between the reconstructed and the measured angles
(Fig. 4.7 (d)).
To quantify the dynamic response of the sensor, we devised a motorized setup con-
sisting of a rotating permanent magnet placed underneath a disk-like sample holder.
The magnet was fixed to the shaft of a stepper motor (Trinamic PD3-110-42) in such
a way that the uniform field lines lay parallel to the plane of the sample, therefore
allowing a controlled rotation of the in-plane field (Fig. 4.7 (e)). Furthermore, the
sample holder was fixed 9 cm over the magnet with an extension clamp to ensure a
constant field of 50 Oe (Fig. 4.7 (f)), as measured with a HG09 gaussmeter (Goud-
smith Magnetic Systems, Netherlands). We note that this field falls inside the ideal
operation region of our spin-valves (20 – 120 Oe). When conducting this experi-
ment, we made sure that the characterization setup used to measure the sensor was
designed such that the in-plane field had a variation of less than 300 µT within the
area of the sensor (Fig. 4.7 (f)). This arrangement was achieved by first determining
the best geometry and placement for the magnet to generate a constant field over
a large enough area to cover the entirety of the sensor. We verified that the mag-
netic field within the sensor plane varies only minimally (less than 300 µT) using a
gaussmeter.
The sensor was then placed on the holder and connected to two B2902A Source
and Measure Units (Keysight Technologies, USA). One of the units was used to
source a constant voltage of 1 V to bias the sensor and the other one was used
to measure the outputs of each of the two nested bridges. The second unit was
remotely programmed and controlled with custom software to acquire the output
voltages of the sensor, compute the corresponding angle value and visualize the
results on screen. The stepper motor’s software (TMCL-IDE v. 3.0.10.0) drove
the motor at a constant rotational speed of 1.6 revolutions per second during the
experiments to facilitate data analysis. We measured a sinusoidal response from
each of the bridges with an expected 90° phase shift between outputs (Fig. 4.7 (g))
and a corresponding real-time reconstruction of the magnetic field angle (Fig. 4.7
(h)). The acquired voltage signals were fit to a sine function to determine how much
they resembled the ideal case. We found that for a standard fitting function of the
form y = y0 + Asin[ (x xc)w ] (A - Amplitude of the peak and w - peak width) the
standard error was 0 for all parameters but w, for which the error was only 4  10 4.
These results were obtained both in the pre- as well as post-transfer states.
4.5 Application examples
4.5.1 Virtual keypad
We devised a demonstrator where the magnetosensitive e-skin is mounted on an
elastic wristband to create a device capable of transducing local magnetic fields into
59
CHAPTER 4
discrete values. A permanent magnet providing magnetic input is attached to the
index finger of a volunteer, who then places his finger above distinct angular positions
of the e-skin. The local in plane magnetic field changes at these locations and the
e-skin converts the magnet positions into pre-defined characters, thereby turning
the wristband into a virtual keypad which is addressed in a touchless manner. We
encode the characters “+”, “9”, “4” and “1” to the angular segments around 270°,
180°, 90° and 0°, respectively (Fig. 4.8 (a)). Approaching the wristband with the
finger at given angles allows to type a predefined sequence of symbols, e.g. the initial
part of a phone number +4914... as an example (Fig. 4.8 (b)).
Figure 4.8: Virtual keypad addressed in a touchless manner.(a) Characters
“+”, “9”, “4” and “1” are encoded in angular segments around 270°, 180°, 90° and 0°,
respectively. (b) Photograph showing a 2D sensor mounted on an elastic wristband
resembling a virtual keypad. The encoded symbols are displayed when a correspond-
ing angular segment of a sensor is exposed to a magnetic field of a small permanent
magnet at the fingertip. This figure is adapted from. 40
4.5.2 Interactive light dimming by touchless manipulation
The on-skin directional sensors allow controlling a physical property of an object in
virtual reality relying on the interaction with magnetic fields exclusively. We develop
a demonstrator based on a magnetic source made of a plastic ring-like support with
a permanent magnet in the middle. One of our angle sensors is fixed to the palm
of a hand and connected with a computer for visualization purposes (Fig. 4.9 (a)).
The software encodes the angles received into 7 luminescence regions. Each of the
regions corresponds to a particular light intensity translating into control of an on-
screen virtual light source. The visual representation also includes a virtual dial
corresponding to the current position of the hand on the physical magnetic dial.
Here, angles between 0 and 180° are encoded to replicate the typical movement of
a hand when operating a real dial. In the absence of an incident magnetic field on
the sensor the dial does not react and there’s no dimming response (Fig. 4.9 (a)).
When the hand is placed over the magnetic dial at a suitable distance range, the
virtual dial displays a signal proportional to the angle between sensor and magnetic
field axes (Fig. 4.9 (b) and Fig. 4.1). As the encoding is limited to 180°, when the
user reaches the limit value, the virtual dial and light bulb show maximum intensity
(Fig. 4.9 (c)). This methodology allows us to realize a light dimming application
of a virtual bulb, manipulated solely upon rotation of a volunteer’s hand above a
magnetic source.
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Figure 4.9: Light dimming of a virtual bulb.(a) Skin-applied 2D sensor as
on-skin electronics with directional perception. (b and c) Movie snapshots demon-
strating touchless manipulation of a virtual object using our on-skin 2D magnetic
field sensor. The hand is turned with respect to the direction of the magnetic field
lines of a permanent magnet. This motion of the hand is monitored and the angular
position is transformed into the setting of a virtual dial, in turn controlling the light
intensity of a virtual bulb. This figure is adapted from. 40
4.6 Reliability tests
On-skin electronics must withstand specific operating conditions which could dam-
age some of its functional components. Therefore, asides from the mechanical stabil-
ity which has been shown so far, the influence of additional parameters like humidity,
geometrical constraints and temperature is studied in this section.
4.6.1 Encapsulation performance
Usual applications of on-skin electronics involve continuous monitoring of variables
in the presence of body fluids which can potentially disrupt proper operation. The
most common of these fluids is sweat, which not only contains water but is also ionic
in nature. To test how such an environment would affect our spin-valve sensors, we
prepared a PDMS encapsulated version of a single spin-valve on a flexible PCB. Next,
we recorded the resistance of the sensor before and during immersion in water and
salt solutions with a table top multimeter (Keysight 34461A). We found the initial
resistance value to be 565.125 W (Fig 4.10 (a)), which increased only about 0.2 %
upon immersion in a deionized water solution (Fig 4.10 (b)). Further immersion in
a sweat-like saline solution with a concentration of 40 mmol/L of sodium chloride
showed a negligible increase of 0.02 %, showcasing a remarkable stability (Fig 4.10
(c)). Long-term stability studies have shown so far that even after 30 seconds
immersion no significant change is observed; however, further tests must be run to
confirm this trend. These initial results make us confident that our sensor platform
is a viable solution for wearable magnetic field-based interfaces.
4.6.2 Angular resolution
A crucial parameter for analyzing the data acquired by the ultrathin sensors pre-
sented above is their angular resolution. In our experiments, we estimated it using
the intrinsic noise of the sensor and the total voltage range over 180°. We observed
a measurement noise of 200 µVpp (after software filtering), which together with a
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Figure 4.10: Encapsulation experiments for a spin-valve sensor.Upon sub-
merging a spin-valve sensor on a flexible PCB (a) in DI water (b) and sweat-like
saline solution of 40 mmol/L (c) the resistance of the device changes only slightly.
This figure is adapted from. 40
detection range of 180° / 5 mVpp yielded an effective resolution of about 7°. These
calculations would allow in principle to encode more angles, however, there are ad-
ditional factors to be taken into account. These are: (i) the output voltage offset,
(ii) the transition regions between encoded values, and (iii) the size and shape of
the source magnet used to actuate the sensor.
(i) The output voltage offset is crucial as the angle is reconstructed from:
rec = tan
 1(
Vsin
Vcos
) (4.2)
Under ideal circumstances Vsin and Vcos have the form Asin() and Acos(), with A
being the signal amplitude. However, upon the introduction of an offset they become
Asin() + Vsinoff and Acos() + Vcosoff , resulting in a less trivial reconstruction:
rec = tan
 1(
Asin() + Vsinoff
Acos() + Vcosoff
) (4.3)
Therefore, it is crucial to include offset compensation. We used a software-based
compensation scheme that updates itself at every run to cancel out the Vsin and Vcos
offsets.
(ii) The transition regions are required to leave enough spacing between the encoded
values and avoid cross-talking between two adjacent values. Angles falling inside
these regions are not encoded and thus serve as separators. If we determine the
transition regions of being 2 times the angular resolution (= 14°), we can calculate a
theoretical maximum for the number of encoded values by assuming the case when
the span of the transition region equals that of the encoding region. In this case,
the total number of sectors is given by 360° / 14° = 25 and as half of them are
used as transition regions, we arrive at a maximum of 12 values that can be reliably
encoded.
(iii) The size of the magnetic flux area and the uniformity of the magnetic source
(permanent magnet attached to the finger in Fig. 4.8 (b)) are additional aspects
to be considered. If the area of influence of the source is larger than the physical
area spanned by a particular encoded value, crosstalk will occur even if the sensor
performs as desired. Also, if the magnet is too small (comparable to a single spin-
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valve), it will not be able to activate all spin-valves simultaneously and the reading
will be inaccurate. We therefore used a magnet size that allows an efficient reading
for 90° spacing. However, reducing the size of the magnetic flux area is possible
(here by about 4 times), allowing encoding of up to 8 values. Further expansion of
the values is feasible and will require additional optimization of the encoding and
the magnetic source.
4.6.3 Temperature stability
Due to the operating requirements of these e-skins sensors, their substrate and
functional layers must withstand temperatures of up to 200°C and tolerate possible
fluctuations. Therefore, special attention was paid to the design of robust materials
and temperature compensation schemes.
Robust polymeric support
We developed temperature stable polyimide-based foils to comply with the need
of temperature treatment of the sensor while processing. Being only 1.7-µm-thick,
these foils assured mechanical imperceptibility and highest possible conformability
of the devices as needed for on-skin appliances. Despite their thinness, the foils can
withstand long-term annealing at 300°C even when exposed to a constant stress and
allow soldering to contact pads that are lithographically defined on a foil. Further-
more, they possess a very small surface roughness of about 1 nm (Fig. 4.11 (a)),
which is essential for the successful growth of high-performance magnetic sensor
layers. The foils offer good adhesion for functional elements processed on it using
standard deposition and lithography techniques (see, e.g. Fig.4.3. The synthesized
polymeric foil reveals remarkable thermal stability even allowing for regular solder-
ing to be performed. In the following we characterize the thermal stability of the
polymeric support and compare it to the commercially available counterparts. For
this study we devised a strain-temperature experiment at constant stress. In order to
have well characterized references, we used standard high performance polymer films
like 100-µm-thick polyethylene terephthalate (PET), 100-µm-thick polyetheretherke-
tone (PEEK) and 2.5-µm-thick Dupont’s Mylar (Table 4.1). In this experiment, the
films were vertically fixed with a spring clip to a clamp stand and pulled downwards
by another 10 g spring clip which provided constant stress during the measurements
(inset in Fig. 4.11 (b)). Then, the films where heated up progressively with a ZD-
939L hot air rework station (Ningbo Zhongdi Industry & Trade Co.) until reaching
their breaking point. The heat was supplied through a 4 mm diameter nozzle for
ultrathin foils (2.5-µm-thick Mylar and the polymeric foil synthesized in this work)
and without a nozzle (2.1 mm heating diameter) for 100-µm-thick samples. The
reason for this heating area modification was to assure that the thinnest samples
remained perpendicular to the temperature source without being pushed away by
an excessive airflow. Next, the behavior of the films was captured on video to de-
termine their deformation upon heating. The quantitative deformation analysis was
done by comparing the length L of the films at each of the frames of the video with
their original length L0. Using this information, we calculated the elongation as
(L L0)
L0
as a function of temperature for each of the investigated polymer films. By
plotting the elongation as a function of the temperature, we observed that our poly-
imide foils can withstand temperatures up to 344°C, when it finally breaks. This
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performance is quite remarkable given that its cross sectional area is two orders
of magnitude smaller than that of the other evaluated polymers except for Mylar.
Thicker polymers like PET and PEEK could not reach more than 150°C without
breaking and also Mylar, the ultrathin version of PET, could not withstand beyond
this temperature. Considering the small thickness of the foil, loading it with 10
g corresponds to a surface pressure of 58 kPam. In addition to this rather high
pressure, the foil withstands temperatures of up to 340°C (Fig. 4.11 (b)) by far
outperforming commercially available PET foils. This remarkable thermal stability
of a 1.7-µm-thick foil allows for a regular soldering of electrical contacts directly to
the lithographically defined contact pads (Fig. 4.11 (c) and (d)). An SEM image
of the sample cross-section reveals that the contact pad is firmly attached to the
polymer even when in the direct vicinity to the soldered contact (Fig. 4.11 (e) and
(f)).
Another observation from this experiment is that our polyimide foil presents an
S-shaped deformation curve (Fig. 4.11 (g)) with a sudden increase before 100°C,
a stable plateau between 100 and 300°C and finally a steep increase up to 344°C,
when it breaks. This behavior suggests that during the first transition the polymer
dries and excess solvent is removed. Then, chain elongation ensues and stabilizes
during the observed plateau when the polymer reaches its final hard and stable
form. Finally, as the temperature further increases, the film becomes more fluid as
it approaches its melting point and a sudden deformation follows. At this point,
the constant stress causes substantial necking on the polymer film, which further
debilitates its structure and provokes its final rupture before reaching the melting
point. In necking, the cross-sectional area of a material is reduced faster than its
hardening ratio, causing a concentration of the strain in the regions of highest stress.
For our experiments, this change in the cross-sectional area was mediated by the
decreasing polymer’s viscosity as the temperature was increased. This deformation
mode can explain the premature failure of the other polymer films studied, which
also experienced a decrease in local cross-sectional area before their melting point.
Polymer t(µm) T0 Tm(C) Tbr(C) A(m2)
PET 100 73.3 202 250 202 75 2  10 6
PEEK 100 145 203 340 203 150 2  10 6
Mylar 2.5 73.3 202 250 202 140 5  10 8
This work 1.7 300 325 344 4  10 8
Table 4.1: Comparison of commercial polymers with the novel ultrathin
polyimide foils.The table summarizes the most important parameters involved in
our study such as, thickness (t), glass transition temperature (Tg), melting temper-
ature (Tm), breaking temperature (Tbr) and cross-sectional area (A). This table is
adapted from. 40
Temperature compensation via Wheatstone bridge
One of the most common strategies for temperature compensation for sensors and
thin film applications is the Wheatstone bridge conditioning circuit. This method-
ology cancels out the fluctuations which are common to the elements comprising
the bridge and allows scaling up sensitivity compared to the single sensor case. To
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Figure 4.11: Morphology and thermal performance of the polyimide
foils.(a) Atomic force microscopy (AFM) image of the 1.7-µm-thick foils. A height
map of the imaged 1 x 1 µm2 region of the foil reveals a flat surface with a root
mean squared roughness of below 1 nm. (b) Maximum temperature, which the foils
withstand (red-colored bars). For comparison, we used high performance commer-
cial foils like 100-µm-thick PET, 100-µm-thick polyetheretherketone (PEEK) and
2.5-µm-thick Dupont’s Mylar. During the experiment, each of the foils is clamped
at the top and a constant load of 10 g is attached to the bottom. The foils are
exposed to a heat flow of a heatgun. The 1.7-µm-thick polyimide foil withstands
a continuous heating at 300ºC at a constant load of 10 g attached to the bottom
of the foil (inset in a). The corresponding surface pressure experienced by each foil
is presented with orange-colored bars. Optical microscopy image revealing one of
the locations with a soldered contact (c) and a corresponding SEM image (d). (e)
Magnified SEM image (top view) of the surface next to the solder. (f) SEM image of
the sample cross-section taken at the location of the contact pad next to the solder.
The foils are clamped at the top and a constant load of 10 g is attached to the bot-
tom of the foil. (g) Elongation of the foil as a function of the applied temperature
as determined from experiment videos. The novel ultrathin polyimide foil, which
is 1.7-µm-thick only outperforms commercial foils and carries the load up to the
temperature of 344°C. Upon increasing the temperature, two transition regions are
observed for the case of the polyimide foils. The first one at 100°C suggests a glass
to rubber transition and the second one at 340°C points towards a sudden increase
in fluidity (melting) before failure. This figure is adapted from. 40
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verify its effect in our experiments, we characterized the response of a single spin-
valve sensor and its Wheatstone-bridge-conditioned version upon heating using a
heat gun. A single sensor strongly responds even to slight temperature variation,
however, no change in the readout of the bridge is observed upon the same heat
treatment (Fig. 4.12).
Figure 4.12: Temperature compensation of the sensor bridge. Time evolution
of the electrical resistance of an individual spin-valve sensor (a) and a sensor bridge
(b) upon heating. At about 60 s, both devices are simultaneously exposed to a heat
flow from a heat gun. We find that the Wheatstone bridge arrangement successfully
cancels out the temperature response of the individual sensors. This figure is adapted
from. 40
This behavior arises from the intrinsic compensation properties of the Wheatstone
bridge. The typical output characteristic Vout/Vbias of a Wheatstone bridge with
resistors R1 to R4 can be written as in equation 2.16 in chapter 2. If R1 = R3 =
R2 = R4 = R0, the output voltage is 0 and the offset is fully compensated. In
reality, however, the resistors vary (e.g. with temperature) and produce unwanted
offsets. Assuming the case of varying resistors, with R1 = R3 = R2 = R4 = R0 and
a variation smaller than the nominal value of the resistors, second order terms can
be neglected and the output/input ratio can be written as:
Vout
Vbias
=
R1  R2 + R3  R4
4R0
(4.4)
If the resistance variation is produced by the change of temperature T, it can be
written as R = R0T ( is the temperature coefficient of resistivity):
Vout
Vbias
=
R0T  R0T +R0T  R0T
4R0
= 0 (4.5)
As all the elements are expected to respond in the same way to temperature, they
compensate mutually and the temperature-induced variations in the output voltage
are eliminated.
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Geomagnetosensitive e-skins
5.1 Introduction
While the magnetosensitive e-skins in the previous chapter exploit the potential of
common magnetic field sources, they require additional items like permanent mag-
nets to create interactive stimuli. Eliminating these requirements could enable mag-
netosensitive e-skins to freely operate in any environment and ubiquitously interact
with their surroundings. One way of reaching this goal is to tap into an omnipresent
source of magnetic fields around us, like the earth’s magnetic field or geomagnetic
field. To this end, a new on-skin sensing concept relying on e-skin sensors capable of
detecting the earth’s magnetic field, must be developed. Numerous applications like
artificial magnetoception or e-skin geomagnetic VR devices are envisioned to stem
from this concept. To achieve this feat, the operating range of these new gadgets
must match the small geomagnetic field of about 50 µT, which is out of reach for
the magnetosensitive e-skins introduced in previous chapters. 18,40 Consequently, a
different technological approach must be implemented.
Technologies like flux-gate 204,205 and Hall effect 206,207 among other sensors, 102,103,208
can be employed to measure the geomagnetic field. However, flux gate sensors cannot
be easily manufactured in a thin film format and Hall effect sensors entail the use of
overly complex readout circuits, which limits their application in flexible electronics.
GMI approaches have also shown some promise, 209,210 but they require the use of
AC power supplies, which is again not easily translatable into a flexible format. MR
methods, on the other hand, are straightforward to manufacture into thin films and
their readout reduces to conventional DC resistance measurements. Nevertheless,
not all MR sensors are suitable to detect the earth’s magnetic field.
GMR and spin valve sensors offer large effects and potentially high sensitivity but
their operating range (> 1mT ) is way over the geomagnetic field. Some biasing
or enhancing techniques 211 –214 can be applied to tune their response for smaller
fields, but the increase in fabrication complexity renders this endeavor too cumber-
some for flexible technologies. A more viable alternative is to use AMR sensors (see
chapter 2), which are smoothly integrated in flexible electronics and can be read-
ily adjusted to detect the earth’s magnetic field. For AMR sensors to detect the
geomagnetic field, they must be geometrically conditioned to modify their intrinsic
response. One of the most prominent methodologies for this purpose is the barber
pole method, 106,215 –217 which is further explained in chapter 2. The following sec-
tions describe the fabrication and characterization of geomagnetosensitive e-skins
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based on this methodology, and which application examples are envisioned to stem
from them. The material presented next is adapted from a previously published
work. 41
5.2 Barber-pole-based geomagnetosensitive e-skins
In this method, stripes of ferromagnetic material are covered with slabs of a con-
ductive material, oriented at 45° with respect to the long axis of the stripes. By
performing this modification, the current is forced to flow at 45° in the stripes, which
effectively linearizes their AMR response around zero magnetic field (see chapter 2
for more details). In this work, the barber pole structures were fabricated on ul-
trathin polymeric foils of Mylar, permalloy (Py) was selected as the ferromagnetic
material and gold (Au) for the conductive slabs. The Py sensing structures were de-
signed as meander structures, which are functionally equivalent to arrays of stripes
connected in parallel and can be manufactured within a compact footprint
5.2.1 Fabrication and mechanical performance
To fabricate the barber pole geomagnetic e-skin we began with 6-µm-thin Mylar foils
laminated to a rigid support based on polydimethylsiloxane (PDMS) coated glass
slides. Separately, a 3D printed polylactic acid frame covering an area of 80x50mm2
was used to pre-stretch 6-µm-thin foils by means of adhesive stripes on the frame
edges. After pre-stretching, the PDMS coated glasses were flipped over, carefully
pressed over the pre-stretched foil and cut by the edges with a scalpel for release. The
resulting Mylar covered glasses were used as substrate for preparing the geomagnetic
e-skin devices. Next, a standard two-step photolithography was performed on the
Mylar foils using S1813 photoresist to define the stack of Py meanders and Au
contacts (Fig. 5.1(a)). During the first step, 50-nm-thick films of Py were deposited
on the Mylar foils by e-beam evaporation (pressure: 1  10 8 mbar, rate: 0.3 Å/s)
preceded by a 5-nm-thin adhesion layer of titanium (Ti, pressure: 3:1  10 8 mbar,
rate: 0.3 Å/s). In the next photolithographic step, Au contacts with a thickness of
100 nm were evaporated (pressure: 4  10 8 mbar, rate: 3 Å/s) and preceded by the
same adhesion layer. The layout of the compass was designed as a full Wheatstone
bridge where each of the 4 elements is a geometrically conditioned AMR sensor
based on Py meander stripes (Fig. 5.1 (b)-(e)). This configuration is generally used
to compensate for any thermal effects intrinsic to the metallic nature of the single
sensors. In addition, it provides a way to scale the bridge output sensitivity as a
function of the bias voltage of the bridge.
To evaluate the mechanical performance of the Py sensing layer on ultrathin foils, we
measured the AMR response of single meanders under different curvature radii (Fig.
5.2 (a)). The meanders were placed in between pole shoes of an electromagnet and
mounted on different curved sample holders with curvature radii ranging from 150
µm to 10 mm (Fig. 5.2 (b)). To ensure uniform in-plane incidence of the magnetic
field, the sensors were mounted with their curvature axes perpendicular to the pole
shoes axis (Fig. 5.2 (c)). The magnetic field of the electromagnet was swept between
-10 and 10 mT and the AMR response of the sensors was simultaneously recorded.
From the measurements, it was observed that the AMR effect remains unchanged
at about 1.4% until bending radius of 150 µm when it slightly decreases to about
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Figure 5.1: Fabrication of the barber pole geomagnetic e-skin. (a) Fab-
rication scheme (b) Device after fabrication and connection layout. (c) Optical
micrography of the fabricated device. The scale bar is 500 µm long. (d,e) Close-up
SEM images of the upper right meander of the device. Scale bars are 20 and 5 µm,
respectively. This figure is adapted from. 41
1.1% (Fig. 5.2 (d), upper panel). This change was accompanied by an increase in
the electrical resistance, which suggests there might be some cracking involved as
the Py film approaches its fracture strain (Fig. 5.2 (d), lower panel). The attained
performance is at least one order of magnitude boost in bendability compared to
AMR sensors prepared on thicker substrates[ 218, 219]. To examine the effects of
dynamic bending, we carried out cyclic bending tests, where a single meander sensor
is repeatedly bent from its flat state up to a curvature radius of 1 mm for 2000
cycles. The tests were performed on a LabVIEW-controlled motorized stage driven
by a stepper motor (Eckstein, Germany). For the bending trials, the sample was
laminated on a 5-µm-thin PDMS film (10 mm x 50 mm) and fixed to the frame of the
motorized stage using a pair of clamps. One bending cycle was defined as bending
the sample from its initial flat state to a bent state with a radius of 1 mm and back to
its initial position (Fig. 5.2 (e)). Using these settings, two types of experiments were
performed: one with an external magnetic field and the second one without. In both
cases, the sample resistance was monitored using a multimeter (Keysight 34461A;
Keysight technologies, USA). For the experiment without an external magnetic field,
the sample was repeatedly bent for 2000 cycles and its resistance was simultaneously
measured. For the experiment with an applied external magnetic field, all conditions
were the same as indicated above, but a neodymiummagnet was periodically brought
near the sensor with an in-plane configuration during the cycling procedure. The
collected resistance data in this experiment allowed us to compare the resistance
change upon mechanical deformations with the one caused by the presence of the
magnetic field (Fig. 5.2 (e)). We observed that the AMR response remains stable
at about 1.4% even after 2000 bending cycles. At the same time the change of the
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electrical resistance of the sensor due to mechanical deformations does not exceed
0.2% (Fig. 5.2(f)).
Figure 5.2: Mechanical performance of the barber pole geomagnetic e-skin.
(a) AMR response of a single meander bent to different radii of curvature (150 µm
in black). (b) Plastic curved holders used to bend the e-skin to different curvature
radii. (c) Schematic showing how the curvature axis of the samples (in grey over the
green holder) was placed perpendicular to the electromagnet poles to ensure that all
the sample gets the same in-plane field. (d) AMR effect and nominal resistance for a
single meander as a function of the radius of curvature. (e) Resistance as a function
of the number of bending cycles. The fluctuations on the baseline correspond to the
resistance change during the continuous cyclic bending tests. When a magnetic field
is applied, the change is much larger as indicated by the two plateaus on the plot.
(f) Comparison of the AMR performance and resistance change of a single meander
as a function of the number of bending cycles. The blue dots represent the resistance
variation upon mechanical cycling without a magnetic field. The inset with black
open circles depicts the resistance change when an external magnetic field is applied
(plateaus) during mechanical cycling. The red dots are introduced to highlight the
average values at the baseline (no magnetic field) and the plateaus (with a magnetic
field). This figure is adapted from. 41
To gauge the impact of mechanical deformations on the functional layer stack of the
geomagnetic e-skin, we studied the morphology and integrity of its functional layers
using scanning electron microscopy (SEM). We imaged the top surface of the devices
as well as the cross-sectional cuts realized via FIB milling. The geomagnetic e-skin
does not experience any film damage even for curvature radii as low as 200 µm (Fig.
5.3 (a),(b)). This result is about an order of magnitude smaller compared to the
previous reports on flexible AMR sensors prepared on 100-µm-thick foils49. This
superior bendability of geomagnetosensitive e-skins is enabled by using ultrathin
foils, which reduce the effective strain in the functional layers of the device[ 8, 17, 67,
82]. The following analytical calculations allow us to estimate the minimum bending
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radius, defined by the critical strain in the layer stack, of the e-skin. Our analysis
is based on the theoretical model for strain in curved thin film electronics shown in
equation 2.3. For the Mylar® foil in this work, the corresponding parameters are
Ys = 5 GPa and ds = 6 µm and for the compass layer stack: Yf = 119 GPa and tf =
150 nm. The value of 119 GPa corresponds to the thickness weighted average of the
Py and Au films. First, this model can provide an insight on the maximum strain
on the device by introducing the minimum experimentally measured bending radius
of 200 µm (Fig. 5.3 (a),(b)). Using this parameter yields a maximum strain at the
compass layer of 1%, which is not yet near the fracture strain (2%) for thin films of
Py[ 220]. This indicates that the film can be bent below this value. Now, we can
solve the model equation for the bending radius to define a minimum theoretical
bending radius given by the 2% fracture strain of Py. Inserting this value in the
equation gives a minimum bending radius of 100 µm.
Figure 5.3: Morphological characterization of the barber pole geomagnetic
e-skin upon bending. (a) SEM close-up image of the geomagnetic e-skin under a
bending radius of 200 µm. (b) Structural details on the curved region. No damage
is observed. Scalebars are 100 µm for images (a) and (b). (c) SEM close-up image of
a region of the e-skin bent to a bending radius of 10 µm. The black square indicates
the area examined via FIB. (d) Close-up of the FIB cross sectional cut depicted
in (c). Scalebars are 10 and 1 µm, respectively. (e) Overview of the geomagnetic
skin during extreme bending conditions (f) Close-up of the bent region showing an
emerging crack in the structure. This figure is adapted from. 41
For comparison purposes, if we increase the thickness of the Mylar foil to that of a
commercially available PET foil (100 µm) keeping R = 200 µm the resulting strain
raises up to 24%, a value that would certainly induce cracking in the metallic films.
These calculations further accentuate the importance of diminishing the substrate
thickness to improve the overall mechanical performance of flexible sensors. This
prediction agrees with experimental data, as occasional fracturing is observed when
the sample is bent to a radius below 100 µm, also correlated with an increase of
the sample resistance. When the sample bending occurs in a controlled manner,
allowing for gradual stress relaxation to happen, only very incipient cracks occur
(Fig. 5.3 (c)). Investigating the cross-section within the crack region reveals that
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even in these extremely bent areas of the device, the integrity of the functional layers
is preserved, and no delamination can be perceived (Fig. 5.3 (d)). However, when
the bending is performed abruptly, e.g., by laminating the sample to a pre-stretched
elastomer and allowing it to compress, pronounced dents and cracks can be observed
(Fig. 5.3 (e),(f)). Thus, highlighting the importance of studying the stress dynamics
in the sample for future works. Another advantage of the reduced thickness of the
sensor on ultrathin films is the diminished stress (1% at 200 µm bending radius)
on the metal layer. This is caused by the rather close positioning of the neutral
mechanical plane (see chapter 2 for details) to the metal layer stack. The distance
to the neutral mechanical plane can be readily calculated by means of Jeong’s model
presented in equation 4.1. The system was considered to have two layers: the Mylar
foil (Y1 = 5 GPa, 1 = 0.38) and the compass layer (Py and Au, Y2 = 119 GPa, 2
= 0.33). With these parameters, the mechanical neutral plane b is located 4.2 µm
above the bottom of the stack, i.e., 1.8 µm below the functional layer stack. The
calculated strain in this situation with a distance  = 1.8 µm from the neutral plane
to the metallic layer is defined by  = 
R
= 0.94% with a curvature radius R = 200
µm. With 100-µm-thick foils, the distance to the neutral mechanical plane is about
20 times larger, which also means a 20-fold increase in the strain at the functional
sensing. Such a strain value would inevitably damage the functional layers of the
device. However, if a capping encapsulation layer of about 6 µm is included, the
strain at the layer could be nulled by placing the sensing layer exactly at the neutral
mechanical plane.
5.3 Conditioning and magnetoresistive characteri-
zation
AMR sensors can detect magnetic fields in the range of mT, which are much larger
than the earth’s magnetic field (50 µT). However, upon geometric conditioning with
slabs of gold oriented at 45° or 135° with respect to the long axis of the sensor
stripes, the sensor response becomes linearized around zero field and the geomag-
netic field can be detected (Fig. 5.4 (a)). This type of conditioning is known as
barber pole method, which is the industry standard approach for AMR sensor con-
ditioning. 106,215 –217 To select an optimal barber pole geometry, we studied the effect
of geometrical parameters (slab separation, stripe length and stripe width) on the
sensor response of single barber pole modified Py stripes (Fig5.4 (a)). We checked
how the separation between the slabs influences the sensor output and found out
that the linearization effect aroused only at the separations of 10 µm for 50 µm
wide Py stripes. Larger separation between slabs (25 µm) showed very little or no
linearization effect at all (Fig 5.4 (b)).
This result can be attributed to the fact that at larger separations, the portion of the
current which effectively flows skewed, is greatly reduced. Multiphysics simulations
(COMSOL Multiphysics 5.2, USA) performed for this sensor geometry support this
claim as seen in the surface current density plots for 10 and 30 µm slab separations
(Fig 5.4 (c),(d)). When the separation is 10 µm, the surface current density is
uniform over the majority of the permalloy regions (in cyan) and pinned at an angle
of 45° (Fig 5.4 (c)). In contrast, when the separation increases to 30 µm, the current
density is not uniform anymore, its magnitude decreases, and it is not fully pinned
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Figure 5.4: Tuning effects of the geometric conditioning and aspect ratio
of the sensors. (a) Schematics describing the parameters of the meander sensors:
stripe width, slab separation and stripe length, which were screened in this study to
optimize the AMR response. The stripe length is signaled with a dotted line over the
meander serpentine pattern. The stripe width refers to the width of the Py stripes
drawn in gray underneath the gold contacts. (b) Effect of the slab separation on the
linearization response. Only after a separation of 10 µm is reached (for the case of
Py stripes with a width of 50 µm), the linearizing effect of the geometric conditioning
dominates the AMR response. (c) Screening of the meander length for 50-µm-wide
meander sensors. The length does not influence the AMR response of the sensor.
(d) Full-scale input and sensitivity as a function of the stripe width for meanders
with 11 mm strip length. As the stripe width increases, the sensitivity increases
due to magnetic switching becoming easier with the Py size increase. However, at
the same time, the full-scale input (linear region) of the sensor decreases, as the
magnetic anisotropy is reduced, and the magnetic state of the sensor becomes less
stable. This figure is adapted from. 41
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at 45° (Fig 5.4 (d)). These results indicate that a smaller portion of the current
travels pinned through permalloy, thus reducing the expected effect of the barber
pole slabs.Next, we explored how the length and width of the ferromagnetic stripes
affected the overall sensor response. For this purpose, we prepared meanders with
stripe widths of 20, 30, 40 and 50 µm and monitored their AMR characteristics with
and without modification. Changes in length did not affect the overall AMR response
of the samples (Fig 5.4 (e)). For the modified meanders, it was observed that as the
width of Py stripes decreased, the full-scale input (linear range) increased from ±1
mT at 50 µm up to ±2 mT at 20 µm. However, as the linear range increased, the
sensitivity decreased from 0.54 %/mT at 50 µm down to 0.26 %/mT at 20 µm (Fig
5.4 (f)). This behavior is expected due to the larger shape anisotropy in narrower
stripes, which renders the magnetization more stable (linear) but also much harder
to switch (less sensitive).
As sensitivity is a more crucial performance metric for our geomagnetosensitive e-
skins, we chose a stripe width of 50 µm for subsequent experiments. By controlling
the orientation angle of the slabs, the sensor response can have a positive (for slabs
oriented at 45°) or negative (for slabs oriented at 135°) slope (Fig. 5.5 (a),(b)).
By contrast, if no conditioning is applied the sensor response is flat in the sub-mT
range as shown by the black trace on Fig. 5.5(b). We combine both slab orientations
within the same branch of a Wheatstone bridge to maximize the thermal stability
and signal output range of the bridge. Optimizing the response of the bridge also
requires tuning its bias voltage (Fig. 5.5 (c)). For a bridge with 20 µm wide stripes
and single sensor sensitivity of 0.26 %/mT, its output sensitivity can be tuned from
5 µV/µT at a bias of 2 V, up to 13 µV/µT at a bias of 5 V (Fig. 5.5 (b)). However,
it was found that bias voltages of 5 V dissipate too much heat and can damage the
device due to the increased current density. Values of current of 1 mA were sufficient
to ensure detection but also low enough to avoid unwanted thermal effects. Under
these conditions, for a Wheatstone bridge with 50 µm wide stripes, a bias voltage
of 2 V was found to be optimal.
Using the parameters obtained above (50 µm stripe width, 10 µm slab separation
and 2V bias voltage), we achieved a single sensor sensitivity of 0.54 %/mT (Fig.
5.5 (b)). Upon arranging the sensors in a Wheatstone bridge configuration, the
device operates as a compass and allows the detection of the earth’s magnetic field.
To evaluate its geomagnetic field detection capabilities, we designed an experiment
where the device output voltage was monitored while being rotated in the absence
of non-geomagnetic sources (Fig. 5.5 (d)). The output voltage was then plotted
as a function of the angle between sensing axis of the device and magnetic north
controlled by a reference smartphone compass (Fig. 5.5 (e)). The control of the
setup was realized using a LabVIEW 2015 program (National Instruments, USA)
to determine the angular position of a sample holder mounted on a stepper motor
(green in Fig. 5.5 (e)). The samples were positioned 3 cm above the end of the
shaft of the motor to ensure no disturbances from the in-plane component of the
magnetic field generated by the motor.
As seen in figure 5.5 (d), the output voltage reconstructs a sinusoidal wave pattern
with a maximum when the sensor directly aligns with north and a minimum when
it points south. This behavior suggests that the signal detected might correspond to
geomagnetic field. However, further experiments were performed to differentiate the
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earth’s magnetic field signal from possible spurious signals, as will be presented in the
next section. A final remark about the operating range of these geomagnetosensitive
e-skins is the, so called flipping effect. 106,216 This effect arises when an incident
magnetic field exceeds the linear operating range of the devices and causes their
magnetization to flip and cause a hysteretic behavior. More specifically, the device
response will be inverted upon successive magnetic field sweep rounds (black trace in
Fig. 5.5 (f)), which is an undesired behavior. To correct for this, one methodology is
to use a biasing field along the sensor axis (Hx), which stabilizes the magnetization
and avoids flipping (Fig. 5.5 (f)). However, this implies the integration of permanent
magnets or set reset coils which are both impractical for flexible electronic circuits.
Figure 5.5: Magnetoresistive characterization and flipping effects in the
geomagnetic e-skin. (a) Comparison of the AMR response of meander sensors
with (red and blue) and without (black) geometric conditioning. (b) Close-up of
the AMR response around the zero-field region. Without conditioning (black sym-
bols), the sensors are not sensitive to small magnetic fields, i.e. geomagnetic field.
Upon modification with barber pole structures, the sensitivity around zero field is
substantially enhanced (red and blue symbols). Insets show the modified sensors
with right and left oriented barber pole slabs, respectively, corresponding to the
red and blue curves. (c) Bridge output voltage as a function of the magnetic field
applied along the sensor axis. (d) Bridge output voltage as a function of the angle
of the sensor axis to the magnetic north. (e) A reference compass monitored the
direction of the magnetic north during these experiments and was used to track the
geomagnetic alignment. (f) Flipping effects in the geomagnetic e-skin. The black
trace indicates the AMR response in the absence of a biasing magnetic field along
the sensor axis. The field was swept from negative to positive and back to negative
to record the hysteresis of the system. The red trace indicates the results of the same
field sweeping experiment in the presence of a biasing field of 2 mT. No hysteresis
is observed. This figure is adapted from. 41
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5.4 Geomagnetic field measurements
To determine if the peaks detected by the e-skin compass always arise at the same
geographical location (angular position), deliberate offsets of 90° and -90° with re-
spect to the starting configuration (-108° to magnetic north) were introduced (Fig.
5.6 (a)-(c)). For each case (0°, 90° and -90°), the sample was rotated for 2 complete
turns and the output voltage was recorded (Fig. 5.6 (d)). The acquired data was
used to evaluate the corresponding phase shift of the signals. The extrema of the
three measured curves are phase shifted according to their offset angle, indicating
that the detected peak is consistently present at the same location (Fig. 5.6 (e)). To
clarify if the detected output voltage peaks univocally correspond to the geomag-
netic field, we introduced an external biasing magnetic field Hcoil of 43 µT using a
Helmholtz coil and measured the resulting output voltage Vmeas (Fig. 5.6 (f)). From
this voltage, we calculated the detected magnetic field from the bridge sensitivity
given by: SWB = Vbias SS, in our case, with Vbias = 1 V and SS = 0.54 %/mT, SWB
= 5.4 mV/mT. Using this sensitivity and the linear relationship between voltage V
and field H in the sensor (V = S H), we calculated the measured field Hmeas from
the peak voltage of Vmeas (68.91 µV), which yields 12.76 µT. Then, by subtracting
the coil’s magnetic field vector Hcoil from the measured vector Hmeas, we determined
a reconstructed field Hrec as (Fig. 5.6 (g)):
jHrecj =
q
H2meas +H
2
coil = 44:85T Hrec 6 = tan
 1 Hcoil
Hmeas
= 73:47 (5.1)
Where jHrecj is the magnitude of the reconstructed vector and Hrec 6 its angle to the
sensor axis. These two values quantitatively correspond to those measured by the
nearby reference compass. For further confirmation, we repeated the measurement
in the absence of an external biasing magnetic field. In this case, the measured peak
voltage Vmeas was 242.78 µV, which, using the same sensitivity as above, translated
into a measured field Hmeas of 44.95 µT (Fig. 5.6 (h)). This value closely agrees with
the reconstructed value obtained before. Furthermore, by using the temporal shift
between Vmeas with the coil on and Vmeas with the coil OFF, we estimated the angle
between both vectors. This was accomplished by determining the time needed for a
180° turn to be completed (13.35 s) and comparing this time with the temporal shift
between the detection peaks in the on and off cases (5.283 s). The ratio of these two
quantities multiplied by 180 gives the approximate angle between detection events
(71.21°); in close agreement with the previously reconstructed angle Hrec 6 .
The above-mentioned results demonstrate the consistent reconstruction of the ge-
omagnetic field signature (magnitude and orientation) and confirm the detection
capabilities of our device. In all detection events, the measured peak-to-peak volt-
age was 496 µV, which defines the available voltage range for encoding 180° and
yields an angular sensitivity of 2.5 µV/°. The effective resolution of the device is
ultimately restricted by the noise, which was measured to be 0.9 µVRMS. Assuming
a detection margin of twice the noise, i.e. 1.8 µV, the resolution of the geomag-
netic e-skin is about 0.7°, which is in the same order of magnitude as commercial
rigid compasses58. In addition, thermal drift effects were found not to hinder the
performance of the sensor, as shown by thermal (Johnson) noise calculations. The
intrinsic Johnson noise for the Wheatstone bridge output of our device (equivalent
resistance of 1 kW) at room temperature (300K) is given by:
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Figure 5.6: Detection of the earth’s magnetic field upon rotational offset.
(a-c) Starting positions of the geomagnetic-skin superimposed to a virtual compass
highlighting their orientation with respect to magnetic north. The sensor axis is
given by the black dotted arrow and magnetic north is indicated in red. All samples
were rotated counter clockwise. (d) Output voltage curves during a rotation exper-
iment for the e-skin compass starting from 3 distinct positions respectively offset
90º to each other. The maxima and minima in the plot closely follow the deliberate
offsets introduced indicating that magnetic north and south arise always at the same
geographical locations. (e) Output voltage as a function of the angle to magnetic
north. Plotting with respect to the angle reveals that the detection of magnetic
north and south occur at the same angle for the 3 offsets introduced in panel (d).
(f) Measured output voltage curves of the e-skin compass upon counter-clockwise
rotations in the presence (green) and absence (red) of an external biasing magnetic
field of 43 µT provided by a pair of Helmholtz coils. (g) Snapshot showing the in-
stant corresponding to the detection peak in the presence of a biasing magnetic field
(coil ON). From the orientation and the magnitude of the measured magnetic field
vector (Hmeas), the geomagnetic field can be reconstructed (Hrec) by subtracting
the known applied biasing field (Hcoil) from Hmeas. (h) Snapshot of the showing the
instant corresponding to the detection peak in the absence of a biasing magnetic
field (coil OFF). With no biasing magnetic field, the only measured field (Hmeas)
must be the geomagnetic field. The orientation and magnitude of the measured
vector closely correspond to the values reconstructed in (g), further confirming the
detection of the geomagnetic field. This figure is adapted from. 41
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Vnp
f
=
p
4KBTR (5.2)
Which yields a value of 4.06 nV=
p
Hz. Effectively, the thermal noise of our measure-
ments is defined by that of the read-out electronics (55 nV=
p
Hz [Keithley 34461A
datasheet]), since it is significantly larger than that of the sensor. To acquire a
full picture of the noise spectrum, we measured the output voltage noise over 50
thousand samples and converted it to the frequency domain via FFT (Fast Fourier
Transform). From the frequency plot we determined the corner frequency of the
measurement to be about 20 Hz (Fig. 7). Using this frequency, the previously de-
termined output sensitivity of 5 V/T @ 2 V and the Johnson noise value for the
electronics, the detection limit was found to be 49 nT. Introducing low noise electron-
ics of about 15 nV=
p
Hz would further enhance the limit of detection of our device
to 13nT. Overall, these results represent a two orders of magnitude improvement
in the field detection range over previous e-skin angle sensors[ 40]. Furthermore,
contrary to magnetoimpedance based flexible sensors[ 210], the geomagnetic e-skin
does not require any external biasing magnetic field and operates at 1 mA direct
current.
Figure 5.7: Thermal noise of the e-skin compass. Noise density as a function
of frequency for the e-skin compass. By determining the crossing of noise base level
and the 1/f noise portion of the data, the corner frequency of the device can be
determined. This figure is adapted from. 41
5.5 Application examples
5.5.1 E-skin geomagnetic orientation in the outdoors
The key part of demonstrating artificial magnetoception with geomagnetosensitive
e-skins, is to prove that in total absence of man-made magnetic sources they can
still detect the geomagnetic field. Hence, we devised an open-air experiment, where
the e-skin was attached to a person’s index finger to indicate his current orientation
(Fig. 5.8 (a)). Then, the person rotated his body within the geomagnetic field and
the output voltage of the geomagnetic e-skin was read out in a computer. During
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the experiment, the e-skin compass was connected to and powered by a NI-USB
6211 data acquisition box (National Instruments, USA) interfaced with a laptop
running a LabVIEW program. The software was used for visualizing the collected
output voltage both as a trace and as an on-screen virtual compass indicator. The
measurements were performed in a nearby meadow at the coordinates 51.061851 N,
13.950389 E with the setup shown in Fig. 5.8 (a) and the computer screen facing
northeast. The output voltage of the e-skin was stored as a function of time while
simultaneously filming the experiment during a north-south-north transition (valley
in Fig. 5.8 (b)).
Figure 5.8: On-skin geomagnetic orientation setup. Time evolution of the
output signal and snapshots of the Supplementary Movie 4. (a) Setup of the exper-
iment showing the rotation of the person wearing the e-skin compass. The direction
of the magnetic north is depicted with a red arrow. (b) Time evolution of the output
voltage during a recorded video of the experiment. The plateau between 5 and 10
s corresponds to the magnetic north and the small one between 17 and 20 s to the
magnetic south. Movie snapshots corresponding to the first (c) and last (d) parts
of the trace , corresponding to north and south rotations respectively. This figure
is adapted from. 41
Two cameras were used to film the experiment, the first one recorded mainly the
laptop screen and the second one recorded the full body motion of the person (Fig.
5.8 (c) and (d)). The snapshot in Fig. 5.8 (c) depicts the transition from the initial
position up to north where the position was held for approximately 5 s (plateau).
Correspondingly, the snapshot in Fig. 5.8 (d) shows the transition from north to
south and back to north again (valley). Throughout the experiment, the finger
bearing the geomagnetic e-skin (Fig 5.9 (a)) was kept parallel to the ground to
read only the in-plane component of the field. The rotation was performed back
and forth between magnetic north (N) and south (S) via west (W) (Fig 5.9 (b)),
with all the orientations being verified by a reference compass. From the video
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we selected several representative frames (N, S, and W) which are shown in Fig.
5.9 (c)-(e) together with a superimposed dial indicating the current heading of the
person. These results show for the first time an on-skin device, which can replicate
the functionality of a compass and enable artificial magnetoception for humans.
Figure 5.9: Outdoor geomagnetic detection. (a) Geomagnetic e-skin attached to
the finger of a person. (b) Time evolution of the output voltage of the geomagnetic
e-skin when the person rotates back and forth from the magnetic north (N) to
magnetic south (S) via west (W). (c-e) Snapshots of a movie showing the instants
when the person points to N, W and S. A dial with the cardinal points is overlaid
on the snapshots to signal the corresponding orientations. This figure is adapted
from. 41
5.5.2 Geomagnetic virtual reality control
Another application area where we foresee the potential of geomagnetosensitive e-
skins is AR or VR. In this case, the geomagnetic e-skin will act as a mechanically
compliant interactive input device capable of directly translating the real world
magnetoception into the virtual realm. To evaluate the functionality of the e-skin
compass within a virtual reality environment, we set up an experiment where we
used the output voltage of the compass to control the orientation of a virtual panda
inside Panda3D, a python-based game engine[ 221]. First, the compass was placed
on a person’s middle finger to define an axis of directionality and interfaced to a
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computer using a NI-USB 6211 data acquisition box. On the computer side, the
acquired data was processed in LabVIEW and then read by a Python script. The
script calls the Panda3D (Disney / Carnegie Mellon, USA) game engine for Python
and C++, which used the incoming compass data to correspondingly control the
orientation of an animated panda on-screen. A python script commanded the virtual
panda to move forward at a constant speed and the angular rotation was determined
by the relative angle of the hand to the magnetic north. This angle was attained
by encoding the output voltage of the e-skin compass between 0 and 180°, with
magnetic north (0°) corresponding to a hand rotation towards the left of the screen.
Sequential movement of the hand was used to move the panda within a defined
trajectory in the virtual environment (Fig. 5.10).
Figure 5.10: Geomagnetic interaction with a virtual reality environment.
Control of the trajectory of a virtual character (panda) by hand motion in the
geomagnetic field. Moving the hand closer to magnetic north (to the left) commands
the panda to face left (t1). An opposite movement to the right directs the panda
towards the screen (t2). A hand motion to the center steers the panda slightly to
the left at an angle in between the first two orientations (t3). This figure is adapted
from. 41
All of this was achieved without the aid of any permanent magnet or optical sensory
system as typically used in VR applications. The entire experiment was recorded
in a video from which we selected and superimposed three representative frames,
correspondingly displayed on Fig. 5.10. On the lower right, a compass drawing is
included to indicate the physical location of north during the experiment. Here, the
trajectory of the panda is highlighted as a dotted line and the frames of interest are
correspondingly labeled with the times t1 to t3. In the first frame (t1), the person
moved his hand to the left, moving closer to magnetic north and thereby orientating
the panda to the left of the screen. In the following frames, the hand swung back
to the right, i.e., towards magnetic south (t2) and then came back to the center
at a neutral position (t3). In each case the virtual panda correspondingly rotated
within its local reference axis going into the screen and then diagonally towards the
left to reach its last position. These results showcase the first on-skin and entirely
compliant gadget able to manipulate a virtual object in a geomagnetic field.
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Sub-µT magnetosensitive e-skins
6.1 Introduction
A natural progression beyond geomagnetosensitive e-skins is the development of even
more sensitive e-skins which can access not only ambient but also biomagnetic fields.
Usually, these fields are extremely small, 222,223 ranging from nT (chest) to fT (brain)
and require very bulky detection schemes like induction coils 224,225 or SQUIDs. 223
Furthermore, point-of-care diagnostics could also greatly benefit from the develop-
ment of more advanced magnetosensitive e-skins which can detect magnetic fields
below 1 µT. Accessing tiny fields enables the development of versatile and accurate
biomedical platforms for magneto-cytometry, imaging, magneto-cardiography and
encephalography. 184,226,227 Similarly, as explained in previous chapters, the fabrica-
tion process must be simple and compatible enough with flexible electronic tech-
niques, which so far has not been accomplished. Some attempts have been made
using GMR 228 or GMI 209,210 devices, yet the complexity of the fabrication or the
biasing schemes limits their integration in flexible platforms. In addition, the ap-
proach used for developing geomagnetosensitive e-skins in the previous chapter re-
quires considerable modification in order to reliably detect sub-µT magnetic fields.
An alternative approach is to employ another effect present in thin films, namely, the
planar Hall effect (PHE), which is intrinsically linear and very sensitive 229 around
zero field. In addition, as this effect is present in metallic thin films, it can be
seamlessly adapted to flexible electronics without the need for any geometric condi-
tioning. In this section, we present the development and characterization of sub-µT
magnetosensitive e-skins based on the PHE and illustrate some of the possible ap-
plications of such an approach. The material presented next is based on fabrication
technologies and characterization techniques developed by me, and experimentally
carried out by Pablo Granell and Gouliang Wang, who worked under my supervi-
sion. The sections below describe the most prominent results of a recently published
paper 42 stemming from this collaboration.
6.2 Fabrication process
For preparing compliant PHE sensors, commercial 6-µm-thick PET based Mylar
foils (Chemplex Inc., USA) were attached to a glass slides for convenient manipula-
tion during lithography and metal evaporation. The layout of the PHE sensors was
conceived as 20-µm-thick Py Hall crosses deposited on the previously established
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support (Figure 6.1 (a)). The Py structures were photolithographically defined us-
ing the same methodology described in the fabrication section of chapter 6. After
patterning, a 20-nm-thick layer of Permalloy (Ni80Fe20) was deposited by electron
beam evaporation (pressure: 8  10 8 mbar; deposition rate: 1.3 Å/s), followed by
the evaporation of a protecting 3-nm-thick Au capping layer (pressure: 6:2  10 8
mbar; deposition rate: 2.4 Å/s). To improve sensor performance, each stripe of the
Hall cross was prepared with a high aspect ratio of 10:1 to induce a preferred mag-
netization axis of the Py structure by shape anisotropy. Further enhancement was
achieved by patterning an elliptically-shaped stripe instead of a rectangular one. 230
In a second fabrication step, electrical contact pads consisting of [Au(100 nm) / Ti(3
nm)] bilayers were e-beam evaporated (pressure: 2:2  10 8 mbar (Ti) and 5:5  10 8
mbar (Au); deposition rate: 0.2 Å/s (Ti) and 5.5 Å/s (Au)) to interface the Hall
crosses with the outside electronics. Lastly, the fabricated devices were delaminated
to obtain freestanding ultrathin PHE sensors (Fig 6.1 (a)) to be investigated for
their mechanical properties. Upon bending the sensor perpendicularly to its ellipti-
cal arm, down to a radius of 500 µm, no cracks or signs of structural damage were
found (Fig 6.1 (b)).
Figure 6.1: Fabrication, imaging and measurement of PHE e-skins. (a)
Main components of the highly compliant PHE sensors. (b) ) SEM imaging of a
compliant PHE sensor in bent to a curvature daius of 500 µm. (c) Transverse voltage
(planar Hall voltage) measured for a compliant PHE sensor in the flat state (average
of 5 measurements) and (d) bent to a radius of 1 mm (average of 7 measurements).
This figure is adapted from. 42
6.3 Magnetoresistive characterization
To assess the magnetotransport properties of the fabricated sensors, they were
probed in a setup comprising a Hemholtz coil, supplied with DC current by a
Keysight B2902A SMU. The magnetic field generated by the Helmholtz coils was
calibrated with a Gaussmeter (Goudsmith Magnetic Systems, Netherlands). A sec-
ond channel of the Keysight B2902A was used to source a DC current bias of 5 mA to
the sensor during the measurements. The DC output voltage from the perpendicular
arms of the cross was read out with a Keysight 34461A multimeter.
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To define a preferential magnetization on the sensor, a magnetic field parallel to the
elliptical arm of the Hall cross was applied and swept in the range of ±3 mT. This
field value drives the elliptically-shaped Py stripe into saturation and initializes the
device for further experiments. 231 According to this alignment, the sensitivity axis of
the sensors was defined to be for magnetic fields applied parallel to the elliptical axis.
Figure 6.1 (c) and (d) show a comparison between the magnetoresistive response of
the sensors when measured flat and when bent to a curvature radius of 1 mm. In
the flat state, the sensors showed a maximum sensitivity value of 0.86 V/T and
a highly linear response when biased with a 5 mA DC. These measurements also
indicate that the minimum magnetic field strength detected can be lower than 200
nT in the flat state, as observed in the error bars of Fig. 6.1 (c). Even when bent
to 1 mm, their sensitivity still achieves a remarkably high value of 0.63 V/T and a
limit of detection of 500 nT, as observed in Fig. 6.1 (d). The observed change in
the sensitivity after bending can be attributed to the modification of the magnetic
domain pattern due to magnetostrictive effects. To assure a direct comparison of
the measurements of the same sensor between the bent and flat states, the magnetic
state of the sensor was not reinitialized between the measurements in the flat and
bent states. The change of the magnetic domain pattern in magnetic thin films upon
bending has been investigated in other works. 227,232,233
One of the great advantages of metal-based PHE sensors is their small resistance,
which yields very low intrinsic sensor noise values. Noise in planar Hall effect sensors
comprises 1/f noise (drift) and Johnson noise. 234 The 1/f noise (drift) part of the
noise spectrum is mainly caused by ambient, mechanical, magnetic or electrical
contact sources. It must be noted that especially the mechanical drift is much
higher when the sensor is bent, leading to a larger scatter in the data for our bent
sensor (Fig. 6.1 (d)). The intrinsic thermal noise density of the sensor was calculated
using Equation 5.2 with R = 105 W, and T= 300 K; to yield a noise figure of 1.3
nV=
p
Hz. This notably low noise figure represents a 4 times improvement with
respect to barber pole conditioned AMR sensors (6.1). In practice, this value is only
compromised by the external noise of the read-out electronics, 55 nV=
p
Hz in our
case. Using low noise electronics with typical white noise densities of 15 nV/
p
Hz,
would enhance the limit of detection of the compliant PHE sensors to 10 nT.
E-skin type Thermal noise (nV=
p
Hz) Min. detected field (nT)
Barber pole AMR 4 1000
PHE 1.3 200
Table 6.1: Comparison of e-skins with high sensitivity at low magnetic
fields.
6.4 Compliant PHE sensors for detecting magnetic
stray fields
Owing to their excellent mechanical properties, these sensor devices are versatile
enough to curve around small magnetoelectric objects and detect the tiny mag-
netic fields emanating from them. This advantage could be used for example when
monitoring magnetically functionalized objects flowing in a fluidic channel, or the
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stray magnetic field generated by a current-carrying wire. As a proof of concept,
the performance of the PHE sensors was evaluated by measuring the magnetic field
generated by a pulsing DC current in a stranded copper wire with an outer diameter
of 2 mm (nominal insulation thickness of 0.45 mm). During the measurement, the
sensor was wrapped around the wire to be in the closest proximity to the magnetic
field source, while 100 mA current pulses were applied (Figure 6.2 (a)). The esti-
mated magnetic field around the wire was calculated to be about 20 µT, which is in
the same range as those arising in magneto-fluidic experiments. 184,235 Throughout
the experiment, the PHE voltage was recorded while manually switching the DC
current circulating through the wire between its ON and OFF states. The results of
this experiment show that the output voltage signal follows the polarity and mag-
nitude of the manual pulses applied (Figure 6.2 (b)). Furthermore, the linearity of
our sensor is preserved, as the voltage magnitude of the signal remains unchanged
even when the current is reversed. From this result, it can be inferred that true
magnetic field effects are being measured, instead of just the temperature variation
upon Joule heating of the wire. Moreover, the performance of the compliant PHE
sensors is comparable with the conventional bulky and rigid clamp meters applied
for current sensing. 236
Figure 6.2: Magnetic stray field detection with PHE sensors. (a) A com-
pliant PHE sensor wrapped around a copper wire with a radius of 1 mm. White
arrows represent schematically DC current pulses in the wire. (b) Transverse voltage
measured by the sensor, clearly separating the incoming current pulses of different
polarity. This figure is adapted from. 42
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Summary and outlook
7.1 Summary
The aim of this thesis was to realize ultrathin and flexible magnetosensitive e-skins,
to mediate human-machine interactions by fully exploiting the directionality of mag-
netic fields. We researched three possible sources for magnetic field interactions; per-
manent magnets (chapter 4), the geomagnetic field (chapter 5)and sub-µT magnetic
fields (chapter 6), as we now recapitulate:
• Magnetosensitive e-skins with directional perception: Here, the con-
cept of magnetosensitive e-skins with directionality was first introduced, with
the aim of enabling touchless interactions which involve turning or rotation.
As a proof-of-concept, the sensing range of the e-skins was selected to span the
magnetic field range of standard permanent magnets. A fabrication scheme
based on a nested Wheatstone bridge design consisting of spin-valve sensors
on ultrathin polymeric substrates was presented and completed. To this end,
a transfer printing method for ultrathin foils was developed and established.
Numerous magnetoresistive tests were conducted to validate the angular recon-
struction capabilities of the manufactured e-skins. The outcome of these tests
was a theoretical angular resolution of 7°, which can be modified by changing
the size of the external magnetic source. Mechanical and morphological ex-
periments were run to determine the reliability of the e-skins under extreme
bending conditions. SEM investigations showed no cracks for bending radii as
low as 30 µm. Only for curvature radii below 10 µm occasional cracks were
identified. Strategies to reduce the mechanical strain on the sensing layers were
proposed and implemented based on available theoretical models. Application
examples involving discrete (touchless keypad) and continuous (touchless dial)
angular encoding for virtual reality were showcased. Reliability tests were car-
ried out to address possible encapsulation, angular resolution and temperature
stability issues. Overall, it was demonstrated that these magnetosensitive e-
skins can withstand bending radii of about 100 µm while remaining functional,
a feat which conventional magnetic sensors cannot achieve. This remarkable
behaviour owes to their ultrathin nature which drastically reduces mechani-
cal strain at the sensing plane of the e-skins. It can be concluded from the
magnetoresistive, mechanical and reliability tests performed that magnetosen-
sitive e-skins can succesfully operate under the stringent conditions required
by wearable on-skin electronics. These results represent the first mechanically
86
CHAPTER 7
imperceptible and ultraflexible electronic skin able to track body motion via
magnetic stimuli.
• Geomagnetosensitive e-skins: In this chapter, a new kind of magnetosen-
sitive e-skins able to detect the earth’s magnetic field was presented. The
core of this development consisted of barber-pole modified AMR sensors in
a Wheatstone bridge arrangement, fabricated on ultrathin plastic substrates.
For this purpose, special processes were developed to counter the lithographic
alignment problems arising due to the malleable nature of the substrates. The
effects of the barber pole geometry were studied and understood to find the
optimal configuration in terms of linearity and sensitivity. It was determined
that barber pole separations of 10 µm are required to observe a substantial
linearization effect. Several experiments were conducted to probe the angular
geomagnetic detection capabilities of the fabricated e-skins under different ori-
entations and magnetic configurations. Vectorial reconstruction experiments
unambiguously showed that the detected magnetic field corresponded to the
geomagnetic field of about 50 µT. Calculations of the thermal noise during
the measurements were carried out to establish the minimum magnetic field
resolution of the system. The results yielded a detection limit of 49 nT, which
can be improved to 15 nT if low-noise read-out electronics are used. Static
and dynamic bending tests were carried out to determine when and if the fab-
ricated e-skins would fail. The geomagnetosensitive e-skins do not experience
any film damage even for curvature radii as low as 200 µm. This result is about
an order of magnitude smaller compared to previous reports on flexible AMR
sensors prepared on 100-µm-thick foils 219 and is explained by their ultrathin
form factor. Dynamic bending tests demonstrated unaffected magnetic field
detection even upon 2000 cycles to a curvature radius of 1 mm, which is a
state-of-the-art result for e-skin magnetic sensors. The results of this chapter
showcase with two demonstrators, the first e-skin, which can enable artificial
magnetoception for humans and geomagnetic manipulation of virtual objects.
• Sub-µT magnetosensitive e-skins: This chapter exhibited a new magne-
tosensitive e-skin based on the planar Hall effect (PHE), to detect magnetic
fields below the µT range illustrated in the previous chapter. A fabrication
scheme comprising Py Hall crosses and an in-plane magnetic field configu-
ration was established for measuring the PHE e-skins. Transversal voltage
measurements in flat and curved conditions revealed sensitivities of 0.86 V/T
and 0.63 V/T which allow detecting magnetic fields of about 200 nT. The
reduced sensitivity in the curved case was attributed to the higher levels of
1/f noise probably stemming from mechanical vibrations in the contacts. Dy-
namic bending tests to a 1 mm bending radius for 200 cycles revealed only a
slight voltage variation, associated with the changing contact geometry during
the measurements. Finally, two experiments illustrating the proximity and
angular detection capabilities were performed on the PHE e-skins. The first
one demonstrated the capability of the e-skins to easily reconstruct the mag-
netic stray fields ( 20 µT) produced by current pulses through a copper wire.
Such sensitivity could be already applied to magnetofluidic setups 184 to de-
tect magnetic particles at the microfluidic channels. The second experiment,
validated the sin(2) angular detection of PHE e-skins at higher fields (4 mT),
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which can be readily used for soft robotics applications.
7.2 Outlook
As seen throughout this thesis, magnetosensitive e-skins could be applied in a wide
spectrum of topics where human-machine interfaces or measurement systems are
required. However, for them to achieve their full potential, improvements in robust-
ness, communication, powering and circuit integration will need to be addressed. In
this section, we explore some possibilities to expand the field of magnetosensitive
e-skins beyond the boundaries set by this work.
• On-site or direct sensory feedback: Up until now, magnetosensitive e-
skins rely on additional electronic interfaces like computer screens to provide
feedback to the user. Nevertheless, to be really portable and integrated with
the human body, they would require ultrathin displays or actuators to com-
municate the detected signals to the user. Recent works have demonstrated
how to achieve ultrathin photonic skins 84,237 and actuating circuits, 238 which
could readily be combined with magnetosensitive e-skins. Moreover, this feed-
back could be extended to the biological interfaces of humans like nerves or
muscles, as shown in recent works on neural 45,239 and muscular 240 stimulation.
If this feat could be accomplished, magnetosensitive e-skins would become a
full-fledged "sixth sense".
• Wireless communication and powering: The most obvious limitation of
the e-skins described in this thesis is the use of wired interfaces for power and
read-out, which reduces their autonomy and flexibility. In this respect, two
approaches can be adopted for achieving circuit autonomy, respectively, the
use of passive or active circuitry. In the first case, using radio frequency (RF)
power harvesting units 77,241,242 coupled with low-power microcontrollers 243
could simultaneously provide energy and communication capabilities to mag-
netosensitive e-skins. In the second scenario, the use of active circuits would
increase the measurement possibilities and transmission range of the system
at the cost of increasing the bulkiness and compliance of the circuitry. Due to
the low-power nature of magnetic sensors, the first alternative would be the
preferred way to go.
• Integration with flexible active electronics: Another foreseeable im-
provement would be to use state-of-the-art flexible active electronics using
both organic or inorganic approaches. Organic electronics can provide cheap
and scalable circuits which could address low frequency applications. Further-
more, if higher performance is required, inorganic technologies could provide
on-site conditioning for the readout signals of magnetosensitive e-skins. This
approach has been realized before with IGZO, 186 but it could be extended also
to rectifying circuits 244,245 or basic logic units 246 which would enable entirely
flexible detection and computing modules.
• Out-of-plane magnetic sensing: So far, all the sensors that this thesis ex-
plored are sensitive to the in-plane component of the magnetic field. However,
achieving a full three-dimensional mapping of the magnetic field would allow
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a whole new set of interaction and gesture control possibilities. To achieve
this, out-of-plane sensors like Hall effect devices would need to be combined
with the current method. Possible routes to this goal would imply the use of
thin film semimetal-based Hall effect sensors using Bismuth 16 or graphene. 247
Another possible path would be to use geometrical curvature 201 to enable
different detection axes by careful placement of the sensors.
• Encapsulation layer: Although the mechanical performance demonstrated
by the magnetosensitive e-skins of this work is remarkable, adding a matching
encapsulation layer can significantly boost their robustness. This strategy is
necessary for commercial or advance prototyping applications where outstand-
ing reliability is a must. Placing a matching encapsulation layer as described
in section 2.1.3 locates the sensing layer at the neutral mechanical plane where
no mechanical strain is expected. Furthermore, the encapsulation process is
also critical to isolate the electrical connections in wet or electrically active en-
vironments. Recent studies, 248 have provided a possible route based on SiO2
layers for overcoming this fundamental problem of flexible electronic devices,
yet, at the expense of reduced mechanical flexibility. Nevertheless, as mag-
netosensitive e-skins do not need to be implanted inside the body, they can
readily use polymeric encapsulations.
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